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Preface

Utilization of solar energy is considered to be an efficient tool to govern reactions 
which realization currently is identified to be accessible only under harsh and 
extreme conditions. For instance, traditional splitting of water into its basic compo-
nents, namely oxygen and hydrogen, is usually carried out via electrolysis or ther-
molysis which requires to utilize a tremendous amount of energy and sources and it 
negatively influences the surrounding environment. In turn, this process could be 
realized simply via immersion of certain materials called photocatalysts into aque-
ous media and its subsequent irradiation with light. In this case, the rate of oxygen 
and hydrogen production is determined mostly by the properties and characteristics 
of photocatalysis as it should satisfy numerous very strict requirements for efficient 
absorption and utilization of solar light.

Recent studies discovered that there exist a lot of compounds and structures 
which could serve this purpose. Yet, to the greatest misfortune, even though they can 
push forward the photocatalytic reactions, their efficiency is very low as they are 
unable to advance the transformation of solar to chemical energies at required lev-
els. As an example, TiO2 and ZnO, the most available and studied photocatalysis, 
can be activated only by UV light, which is a small portion of solar spectra. As a 
result, their performance is too low for practical application and industrial imple-
mentation. Thus, for creating an effective photocatalytic process, it is necessary to 
deeply revisit the existing materials and seriously address their most crucial 
drawbacks.

Defect engineering can perfectly satisfy this role. It provides a unique opportu-
nity to tune and modify various important features of the target materials simply by 
changing its internal structure, for example, via removal of some of its own atoms, 
or introduction of new foreign compounds. It results in consequent reconstruction 
of periodical arrangement and formation of new order within crystal structure as to 
compensate the occurred changes and restore the equilibrium accompanied by 
changes in the band structure. Thus, the geometrical and electronic configurations 
of target materials become ultimately affected. Given the low price, high effective-
ness, simplicity, and very small impact on outer compositions and structures of 
target materials as most of the undergoing adjustments are carried out internally, 
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this methodology is considered to be a highly promising candidate to build a photo-
catalyst with characteristics close to ideal. Yet, to be properly applied, it should be 
studied and addressed in the most practical and adequate way in order to avoid any 
misinterpretation regarding present progress and escape “trial-and-error” pathways.

This book greatly serves this purpose as it delivers fully organized, detailed, and 
accessible knowledge regarding the influence of intrinsic and extrinsic defects on 
the advancement and photocatalytic application of various nanostructured semicon-
ductor materials with critical evaluation of existing contradictions and conflicting 
trends available in literature. It is believed that various groups of readers would find 
this book highly useful. For readers not in this profession, it would provide a great 
chance to get acquainted with the science and technology lying beyond the intro-
duction of defects, while professionals would greatly appreciate the appearance of 
appropriate and applicable database filled with systematic and reliable information 
regarding various semiconductor nanomaterials and their defect engineering.

Hsinchu, Taiwan Vitaly Gurylev   

Preface
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About the Book

This book is fully dedicated to reaching complete understanding regarding princi-
ples and fundamentals of defect engineering toward realization of an efficient pho-
tocatalyst. It consists of two parts, each of which addresses particular types of 
defects. The first part that makes up most of the book is designed to provide com-
plete perception and full awareness of behavior and nature of intrinsic defects. It is 
considered that their controlled introduction and consequent manipulation over con-
centration, distribution, nature, diffusion, etc., are identified as one of the most 
effective and practical methodologies to modify the properties and characteristics of 
target photocatalytic materials without sufficient alteration, breakage, or intrusion 
of overall external structure. As various materials have highly distinguishable par-
ticularities and features toward implementation of defect engineering approach to 
modify them, a selected range of nanostructured photocatalysts, including not only 
typical wide-band gap metal oxides (TiO2, ZnO) but also newly discovered visible- 
light activated compounds (Ta3N5, CuO2, C3N4, etc.), is covered in separate and 
detailed terms in the form of case studies in order to fully access their individual 
specification and uniqueness. The second part of the book is dedicated to reaching 
certain perception toward formation of extrinsic defects in the form of metallic and 
non-metallic dopants and description of their characteristics as this approach is also 
often used to achieve efficient photocatalyst. It is also of particular interest to under-
stand what are the advantages and disadvantages of both, intrinsic and extrinsic, 
strategies and compare their outcome in terms of obtained performance.
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Chapter 1
Photocatalysis: Fundamentals

1.1  Introduction

The increased population of modern society supported by continuous advancement 
of present technologies requires access to enormous amount of energy to satisfy its 
basic requirements. Presently, this task is fulfilled via continuous and excessive con-
sumption of fossil fuels through proceeded establishment and realization of chemi-
cal, oil, and natural gas industries. Yet, further implementation of this scenario is 
hardly acceptable as our planet has very limited supply of these fuels which means 
that their increased depletion might lead to consequent risk of total exhaustion and 
appearance of serious energy crisis. Another problem lies in their even geographical 
distribution which limits access to sharing them on an equal basis and makes avail-
ability and possession to be regarded as pricey and hardly reachable for certain 
populations. Finally, the development and adoption of these energy-related fossil 
fuel-based industries result in ceaseless contamination of surrounding environment 
as billions of tons of hazardous chemicals released annually to atmosphere and 
oceans. It is heavily affecting marine life, humans, and plant kingdoms. Thus, there 
is a strong motivation and powerful stimulus in developing of alternative energy 
sources that should be characterized by sustainability, renewability, accessibility, 
and negligible polluting emission.

In this regard, utilization of solar energy has been considered as one of the best 
approaches to satisfy these requirements. While it can be applied in several compet-
ing technologies and processes via continuous conversion into various types of 
energies such as electrical, thermal, etc., the most exciting and promising applica-
tion of solar light is the possibility to transform it into chemical-based oxidation and 
reduction potentials. Thus, it could push forward reactions which under normal situ-
ation are hardly considered to occur or require very extreme conditions to become 
initiated. For instance, degradation of toxic and very stable organic compounds and 
chemicals such as harmful bacteria or dyes can be realized at ambient temperature 
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and pressure via photooxidation process without utilizing any external forces or 
severe environment [1]. At a relatively low price, it is a non-disposal, efficient, and 
cost-effective method which could be adopted not only for treatment of wastewater 
and antimicrobial/antibacterial applications but also for efficient purification of 
drinking water. In another case, solar light could be utilized to achieve production 
of high-quality pure hydrogen via photocatalytic water splitting process [2]. It is a 
sustainable, non-hazardous, and economically valuable process, and it can readily 
replace current techniques such as natural gas reforming or electrocatalysis which 
are considered as environmentally unfriendly and/or expensive. Solar energy also 
can be used for photocatalytic reduction of CO2 and its consequent transformation 
into less harmful and value-added compounds such as CH4, CO, and CH3OH that 
could be stored and used later in various supplemented technologies [3]. This pro-
cess might greatly reduce the impact of global warming on Mother Nature and at the 
same time provide unlimited supply of sustainable and renewable energy.

Photocatalysis also can be used for opposing processes, e.g., synthesis of com-
plex chemical compounds whose formation requires the consumption of enormous 
amount of energies, sources, and capitals. For example, ammonia is usually obtained 
via nitrogen fixation which could only be proceeded at very critical conditions and 
consequently results in release of large volume of CO2 into atmosphere. To increase 
its environmental friendliness, reduce the perplexity of this process, decrease the 
accompanied overall cost, and fully exclude the utilization of fossil fuels, it could be 
realized via assistance of solar light [4].

Photocatalysis generally requires the use of semiconductor compound whose 
ability to produce large amount of charge carriers with different signs under light- 
irradiation conditions plays a crucial role on promoting the photooxidation and/or 
photoreduction reactions. It is obvious that the narrower the band gap of semicon-
ductor, the more solar light it can absorb, and the more electrons and holes can be 
created to initiate the redox reactions. Yet, each particulate photocatalytic process-
ing mentioned above has certain differences and discrepancies, and it dictates the 
requirements toward development of suitable material that enables not only initiat-
ing them but also governing and optimizing their processing. For example, CO2 
photoconversion is more energy demanding than others as, firstly, breakage of 
O=C=O bond is a highly nontrivial task due to its stability and, secondly, it evolves 
six- or more-electron transfer process [3]. In turn, realization of water splitting to 
produce hydrogen can be proceeded via four- or even two-electron pathway, while 
for successful occurrence of dye degradation, it is simply enough to use only a 
single- electron transfer [2]. Thus, it is evident the necessity to deeply address pre-
cise particularities of each major photocatalytic process. These knowledge are 
highly essential in reaching the profound and absolute understanding in which 
direction the development of materials suitable for photocatalysis should be 
advanced.

1 Photocatalysis: Fundamentals
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1.2  Case Example I: Photocatalytic Degradation 
of Pollutants in Water

It is well-known that organic dyes and pigments are very hazardous substances 
whose presence in water sources causes harmful contamination of surrounding 
environment and seriously influences the living systems inhabiting including 
humans, animals, and plants. Various methods are used to achieve the removal of 
these chemicals such as precipitation, adsorption, flocculation, flotation, oxidation, 
reduction, and also electrochemical, aerobic, anaerobic, and biological treatment. 
Yet, low degradation efficiency, production of secondary pollutants, and high cost 
of the accessories and their consequent maintenance lead to their inability to undergo 
full industrialization in order to become widely available for the modern society. In 
this regard, there is a need in development and realization of new processes which 
could be applied with low expense, simple, highly recyclable, and affordable. These 
requirements can effectively be fulfilled by photocatalysis which in addition to the 
abovementioned parameters also provides the advantage of environmental friendli-
ness and impressive efficiency.

Photocatalytic degradation of dyes using solar light is defined as heterogeneous 
oxidation reaction in which highly toxic molecules are subjected to complete trans-
formation into non-hazardous compounds such as carbon dioxide and water. To 
initiate it, the material which serves as a photocatalyst is exposed to the irradiation 
of light with energies of photons suitable enough to promote the jumping of elec-
trons toward conductions band (CB), while positive holes remain in the valence 
band (VB). It is obvious that the better the utilization of light, i.e., the narrower the 
band gap, the more photons can be absorbed, and thus the higher concentration of 
charge carriers can be produced. At this step, it is important to avoid their recombi-
nation as it might result in sufficient decrease of their presence. Once produced, 
these photo-induced electrons and holes migrate to the surface of the catalyst where 
they become involved in oxidation and reduction reactions, respectively, with 
adsorbed species. It is described as the following [5]: Firstly, photogenerated holes 
that reside in the valence band interact with surface-bound water to generate 
hydroxyl radicals (OH●) (Eq. 1.1) which are very aggressive and strong oxidizing 
agents and can easily degrade the dye:

 H O OH2 ads H VB ads H ads( ) ( ) → ( ) ( )•+ + + +  (1.1)

To be more precise, they attack adsorbed organic molecules via extraction of H 
atoms from C-H bond or through addition to double bonds or aromatic rings leading 
to appearance of carbon-centered radical species that tends to combine with O2 to 
induce transformation into CO2 [6]. It is interesting to notice that some of (OH●) 
radicals given their extreme activity are able to desorb from the surface of photo-
catalyst and permeate into surrounding aqueous media thus diffusing all around 
reaction solution. In this regard, they can initiate oxidation reactions with remote 
species which are not in direct contact with a photocatalyst and in fact are located at 
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a certain distance from it [7]. Secondly, photogenerated electrons which reside in 
the conduction band initiate the reduction of surface-bound oxygen to produce 
superoxide radical anion (O2

●) via the following reaction (Eq. 1.2) [5]:

 O O2 + −e CB ads( ) → ( )•
2  (1.2)

This superoxide actively participates in the oxidizing process of dye degradation 
even though the resulted efficiency is lower than that of (OH●). In addition, pres-
ence of these species enables to increase the separation rate of charge carriers hence 
providing additional contribution to the light-induced performance. Thirdly, super-
oxide radicals which avoid participation in the oxidation reaction can easily be con-
verted via proton-coupled electron transfer into hydroperoxyl radicals (HO2

●) 
(Eq. 1.3) and then to hydrogen peroxide (H2O2) (Eq. 1.4). The latter compound, in 
turn, cannot be considered as a stable, and it tends to trap the electron in order to 
proceed further dissociation into aggressive radical (OH●) (Eq. 1.5):

 O HO2
• •( ) →ads H+ +

2  (1.3)

 2HO H O2 2
• → ( )2 ads O2+  (1.4)

 2H O OH2 2 → ( )•2 ads  (1.5)

Thus, the higher the concentration of H2O2 (or HO2
●), the more electrons are 

trapped, the more (OH●) radicals can be produced, and the higher is the charge 
separation rate and better dye degradation efficiency. Yet, too much of H2O2 might 
negatively influence the photocatalytic performance as it becomes the scavenger for 
positively charged holes [8]. In addition, excessive concentration of hydroxyl radi-
cals might lead to their partial recombination which undoubtedly decrease the oxi-
dation rate of dye. Briefly, the degradation process is shown in Fig. 1.1.

Comparing the reactions on CB and VB, the single-electron transfer from the 
former band to dissolved oxygen molecule has been generally recognized as the rate 
determining step in degrading the pollutant [9]. Simply put, if O2 is not reduced at a 
required rate, electrons begin to intensively accumulate on the surface of a photo-
catalyst which inevitably leads to increased recombination of charge carriers. This 
process becomes halted once the sum of rates associated with recombination and 
electron transfer to oxygen approaches the rate that describes the photogeneration 
of holes. Hence, it becomes evident that the rate of photooxidation equals and, con-
sequently, is limited by the rate of O2 reduction [10]. This supposition is confirmed 
by the rate at which electron is transferred to oxygen molecule (this range is usually 
within several milliseconds) as it is much lower than that of hole transfer (this range 
is usually within 100 ns) [6].

Not every semiconductor material can be utilized as an efficient photocatalyst for 
water treatment as strict and very defined requirements toward suitability of their 
physical and chemical properties as well as basic characteristics to serve this pur-
pose should be fulfilled. It is a highly important step since its correct realization not 

1 Photocatalysis: Fundamentals



5

only governs the quality of photocatalytic performance in terms of tuning its effi-
ciency and stability but also regulates whether the target material can induce it and 
under which conditions.

Band-gap energy and its position with respect to redox reactions To degrade 
given pollutant under light irradiation, the conduction band of semiconductor mate-
rial must be more negative than the reduction potential of the redox couple. At the 
same time, the valence band is required to be more positive than the relative poten-
tial of the oxidation reaction. Simply put, the band-gap position of possible candi-
date for photocatalysis should be acceptable to initiate the decomposition of the 
dye. It can be demonstrated based on the following example. It is well-known that 
redox potentials of RhB dye degradation for reduction and oxidation are laid at 
−0.16 V vs. NHE and 2.38 eV vs. NHE [11], respectively, which means that the 
band gap of photocatalyst apart should exceed ~2.54 eV to cover both of them in 
order to fit the required process. Certainly, it can be even larger, as the more negative 
the CB and the more positive the VB positions of the semiconductor, the more ther-
modynamically beneficial becomes the realization of these reactions, respectively, 
yet this advantage immediately brings into effect another issue that needs to be 
considered. To be clear, the band gap larger than ~3.0 eV means inability of material 
to absorb visible light which, in fact, is accounted for sufficient part of solar light 
spectra. It leads to reduced concentration of absorbed photons that in turn results in 
sufficient decrease of available photo-induced electron-hole pairs and consequently 
causes dramatic declining of the photocatalytic performance. For example, band 
gap of TiO2 perfectly satisfies the redox potentials of most dyes, and this material is 
considered to be a strong oxidizing agent which effectively removes most of pollu-
tions from water. Yet, given its wide band gap equaled to ~3.2–3.4 eV, irradiation 
with UV light only can be used to activate it which makes it is unable to fully utilize 
solar spectra.

Fig. 1.1 Schematic diagram illustrating principle of dye degradation photocatalyst. (Reprinted 
from Ref. [1] with permission from Elsevier. Copyright 2020)

1.2 Case Example I: Photocatalytic Degradation of Pollutants in Water
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Overall, there are not so many single component materials and compounds 
whose band-gap position with respect to vacuum level can match both redox reac-
tions. With the greatest regret, sufficient part of them is referred to the same class as 
TiO2, e.g., wide band-gap semiconductors that show very low sensitivity toward 
irradiation with visible light. Thus, their optical characteristics should be modified 
in order to shift the absorption edge toward longer wavelength. For example, it was 
reported that formation of oxygen vacancies in ZnO and TiO2 can be considered as 
an efficient tool to resolve this problem since introduction of these defects greatly 
extends utilization of photons with energies up to ~2 eV or even lower [12, 13].

As it is not easy to find materials with suitable band gap that can show desirable 
optical and electronic characteristics, the dye degradation reaction via some metal 
oxides can be proceeded using modified reaction pathways. As an illustration, well- 
known WO3 whose band gap is ~2.8  eV cannot cause single-electron reduction 
reaction of O2 given that its CB is more positive (e.g., +0.5 V vs NHE) than the 
relevant potential. In this regard, it was generally accepted that this material is 
unsuitable for utilizing as photocatalyst for efficient oxidative decomposition of 
organic compounds in air. Thus, to become activated, it should be modified properly 
via, for example, coupling with other semiconductors, noble metal deposition, etc. 
[14]. Yet, this position of band gap is highly acceptable for multi-electron reduction 
of O2 which occurs via formation of H2O2 through the following reaction: 
O2 + 2H+ + 2e− → H2O2 (aq.) at the potential of +0.682 V that is more positive com-
pared to that of single electron process (+1.23 V). It was reported that loading with 
noble metals such as platinum increases further the efficiency due to additional sup-
ply of electrons [15]. The same concept also is applicable to Ag3PO4 whose position 
of conduction band equaled to 0.45 V (vs. NHE) cannot match the redox potential 
of O2/O2

● reaction (0.33 V). Thus, thermodynamically, Ag3PO4 cannot initiate the 
degradation of dye following the route of well-known oxidation process. Instead, 
the two-electron reaction was reported to be efficiently implemented. This is espe-
cially important discovery given that that Ag3PO4 is a visible light-induced photo-
catalyst due to its band gap of ~2.45  eV and thus is considered to be a highly 
attractive compound [16].

Efficient electron transport It is important to reduce the recombination rate of 
photo-induced charge carriers and to provide their efficient transportation toward 
the surface of materials where they can activate redox reactions. For example, TiO2 
has a great potential for photocatalytic water treatment as positions of its bands are 
highly suitable for both reduction and oxidation reactions. Yet nearly 90% of charge 
carriers created in the bulk of this material due to the absorption of light are fully 
annihilated within a very short period of time [17, 18] which means that only 
remaining 10% is responsible for reaching the surface and interacting with adsorbed 
species. Thus, low efficiency of photocatalysis often could be observed. In this 
regard, there are two strategies which can be used to deal with this problem. One is 
to expand the spectral range of absorbed light that could result in increased 
 concentration of utilized photons and consequently lead to higher availability of 
photogenerated charge carrier density. Several interest approaches can be suggested 
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to promote this step. For example, it can be realized via doping with metal/non-
metal which can causes the appearance of additional energy levels close to valence 
or conduction bands. Accordingly, increased sensitivity toward capturing photons 
with energies laid beyond actual absorption edge can be obtained. Another possibil-
ity is to use thin layer of certain and highly specified compound with relatively 
small band gap to make it cover the surface of target material. Thus, under irradia-
tion with sunlight, photons captured by it could be transferred toward the required 
direction as to reach balance of their distribution. Also, loading with noble metal 
nanoparticles can be used to improve the light absorption since at extremely small 
sizes of several nanometers, they show semiconductor optical characteristics, as a 
result becoming sensitive to photons with energies close to visible range. Moreover, 
due to differences in Fermi energies, the transfer of additional electrons occurs 
toward TiO2 causing their concentration on its surface to become increased.

In turn, the second strategy for reducing the recombination rate is referred to the 
overall improvement in utilization efficiency of photogenerated charge carriers fol-
lowing the enhancement of their separation rate. For example, it can be done via 
decreasing the diffusion lengths due to smaller size or dimension of compound. It 
allows electrons and holes to escape possibility becoming easily trapped within the 
bulk of materials and enables them to reach the surface faster and with minimal 
losses of energies. Moreover, fabrication of multi-component heterojunction also 
can be considered as optimal choice since isolated accumulation of electrons and 
holes on the surface of each materials follows the alignment of their band gaps with 
respect to one another and thus can easily promote effective charge separation.

Photocatalytic materials should be cheap, abundant, environmentally friendly, 
and biologically and chemically stable. Even though these requirements do not 
influence much on the real rate of photocatalytic reaction nor its correct proceeding 
and choice of defined pathway, their implementations are highly important for the 
future industrialization and all-around world distribution of light-induced technolo-
gies as to make them become widely adopted and highly accessible. Accordingly, 
utilized materials should fully satisfy them. The justification of this concept can be 
demonstrated based on the following illustration. It is commonly accepted that 
deposition of noble metals-based nanoparticles on the surface of wide band-gap 
semiconductor results in enhancement of charge carrier transportation characteris-
tics and appearance of visible light absorption and overall improvement of perfor-
mance [9]. Hence, this approach might be considered as a great method to extend 
the efficiency of current photocatalytic processes. Yet, its attractiveness is shadowed 
by the extreme cost of noble metals and their scarce availability. In another exam-
ple, CdS or Cu2O are considered to be optimal materials for dye degradation, as 
both of them have suitable alignment of band gap and also are able to absorb visible 
light. However, their stabilities are too low as they become the subject of decompo-
sition during prolonged photocatalytic process which sufficiently decrease the prac-
ticability of their usage [19, 20].

1.2 Case Example I: Photocatalytic Degradation of Pollutants in Water
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Hence, developing efficient material for light-induced dye degradation is a 
highly nontrivial task even though this process is considered to be one of the sim-
plest forms of photocatalysis as it definitely has much less preconditions and limita-
tions to avoid compared with, for example, solar water splitting and CO2 conversion 
processes described below. Yet, it is clear that tremendous efforts are still required 
in this direction to extend further already achieved progress as currently this tech-
nology is not ready for complete and full-scale implementation and consequent 
adoption due to absence of efficient, affordable, and available materials which can 
be considered as long-time awaiting answer to the mentioned above requirements.

1.3  Case Example II: Photocatalytic 
and Photoelectrochemical Water Splitting

Water molecule is a very stable formation whose dissociation into hydrogen and 
oxygen cannot be proceeded easily as severe conditions are required to break the 
chemical bonds within it. For example, to realize it via thermolysis, the application 
of temperature up to several thousands of Kelvins is necessary to obtain only very 
small fraction (~5%) of dissociated molecules at atmospheric pressure. Thus, the 
use of sunlight to activate it might become an optimal solution to avoid the external 
utilization of artificially created energy sources that is based on extensive consump-
tion of electricity and high temperatures. It is especially important given that pro-
duction of oxygen and hydrogen currently is under extremely high demand as the 
speed at which the development and implementation of technologies based on 
application of fuel cell increase greatly in the last decade. Yet, to effectively apply 
this perspective strategy, numerous challenges should be overcome. Firstly, photo-
catalytic water splitting is not a spontaneous but uphill process which requires posi-
tive change of Gibbs energy for 237  kJ  mol−1 [21]. Secondly, there is a high 
possibility that generated hydrogen and oxygen gas might result in occurrence of 
reverse reaction to backwardly form H2O considering its downhill nature. It might 
inevitably decelerate any photocatalytic activities for water splitting and negatively 
influence the expected outcome. It is interesting to notice that contrary to general 
conclusion, some authors praised the appearance of water molecules produced in 
this way since they can again be reused for oxidation reaction, as it happens, for 
example, in the case of TiO2 [22]. Thirdly, and most importantly, solar-to-hydrogen 
energy conversion efficiency for photocatalytic water splitting systems is extremely 
low and reaches only ~1%. In fact, for its industrialization, the required minimum 
should become at least ~10–12%. For comparison, the efficiency of photovoltaic- 
assisted electrolysis can achieve enormous ~30%, and it can cover all additional 
expenses applied to this process.

The overall reaction of solar water splitting is a multi-electron process whose 
mechanism is described as follows. In the beginning, light irradiation with energy 
of photons equaled or higher than width of band gap should be used. It causes elec-
trons to move toward the conduction band while holes are remained in the valence 

1 Photocatalysis: Fundamentals



9

band. In the next step, these photo-induced charge carriers are transferred to the 
surface where they are supposed to initiate reactions with adsorbed water mole-
cules. It is crucially important to avoid recombination process as it might suffi-
ciently decrease their availability and to decline the rate and outcome of water 
splitting. Various methods and strategies are used to achieve it, some of them similar 
to those mentioned in the previous section such as introduction of intrinsic and 
extrinsic defects, control over crystalline facets, advancement via surface engineer-
ing approach, etc. Yet, the most efficient one currently considered is the deposition 
of co-catalyst in the form of transition and noble metal or metal oxide nanoparticles. 
The photogenerated electrons migrate to the surface of the host photocatalyst and 
become trapped by these metal-based co-catalysts, and it occurs due to differences 
in Fermi energies between them. Meanwhile, the photogenerated holes stay at the 
host photocatalyst where they can avoid recombination. For its part, this process can 
be proceeded in opposite direction when positive charges are transported to the co- 
catalyst, while negative charges are remained in the host materials. Yet, it is a rare 
and less investigated phenomenon.

Once electrons and holes become in contact with water molecules whether pre-
sented on the surface of photocatalyst or transported into co-catalyst, the following 
oxidation and reduction reactions are initiated, respectively (Eqs.  1.6, 1.7, and 
1.8) [22]:

 Reduction half reactions e H H: 2 2 2
− ++ →  (1.6)

 Oxidation half reaction H O h O H: 2 2 2+ → + +  (1.7)

 Overall reaction H O O H e H Oaq g g: 2 4 4 22 2 2 2→ + + → +( )
+ −

( ) ( )  (1.8)

Schematically, this process is demonstrated in Fig. 1.2a. The oxidation reaction 
which is also called an oxygen evolution reaction (OER) is considered to be the 

Fig. 1.2 (a) Diagram showing the reactions during water splitting on a semiconductor photocata-
lyst: (i) light absorption, (ii) charge separation and transport, and (iii) redox reactions. (b) Energy 
diagram for photocatalytic water splitting based on one-step excitation. (Reprinted from Ref. [25] 
with permission American Chemical Society. Copyright 2020)
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bottleneck of overall water splitting process. The OER involves the formation of 
double O-O bond via two water molecules which are associated with liberation of 
four protons accompanied by four electrons. In a further step, once produced, these 
quadruple compounds become involved into two-electron/two-proton process of 
hydrogen reduction which is called as hydrogen evolution reaction (HER) [23]. 
Given that the transfer of electrons within interface occurs via single-electron pro-
cess, i.e., one electron per time, OER reaction should be taken via multi-step trans-
fer which means that charges are required to be firstly stored and then gradually 
discharged to realize productive O-O bond forming reaction [23]. Thus, it makes the 
kinetic of OER become very slow and results in a large overpotential. As this reac-
tion is considered to be a first step in water splitting process, increasing its effective-
ness appears to be a key factor toward efficient hydrogen production.

The reaction capabilities of photogenerated electrons and holes, respectively, are 
determined by the alignment of band gap with respect to defined redox potentials. 
As it was mentioned briefly above and can be seen from Fig. 1.2b, semiconductor 
materials enable to perform full cycle of water splitting process via both half- 
reactions only if its CB is more negative than the redox potential of H+/H2 (−0.41 eV 
vs. NHE at pH 7) and the VB is more positive than the redox potential of O2/H2O 
(−0.82 eV vs NHE at pH 7) [22]. The difference between these two potentials is 
1.23 eV, which might bring an illusion that utilization of materials with that band 
gap is enough to drive both half-reactions. Yet, given multiple reasons such as 
migration of excited electrons and holes, overpotential due to sluggish OER, differ-
ence between HER and OER kinetics, etc., there are certain losses in energy. 
Accordingly, the real situation is that material with band gap of ~1.8 eV or more can 
only satisfy these requirements. It has to be noticed that presence of co-catalyst can 
lower the activation energy/overpotential for surface redox reactions. For example, 
Pt can be used to decrease the overpotential of both OER and HER, while NiO is 
exclusively applied for OER reaction only [24].

As it is expected that hydrogen production could be activated by illumination 
with natural sun, there is also another important issue which needs to be considered: 
the photocatalyst should absorb visible light. To justify it, the following reasoning 
is provided [25]: If assuming that materials are only sensitive to ultraviolet (UV) 
light with wavelength up to 400 nm as it happens, for example, in the case of wide- 
band- gap TiO2, and taking into account a quantum efficiency (QE) of 100%, i.e., all 
photons with these energies are absorbed and become associated with appearance of 
photo-induced charge carriers, the solar-to-hydrogen (STH) conversion efficiency, 
defined as the chemical energy of generated H2 divided by the solar energy of inci-
dent light, can be estimated at the limit of ~2%. It is necessary to notice that entropic 
losses in this case are neglected which definitely cannot occur in real situation. In 
turn, when the absorption is extended to ~700 nm or even up to ~1000 nm, the STH 
can reach the values of ~25% and ~47%, respectively. Considering that current tar-
get for STH is only ~10%, one can calculate that for achieving this goal, the required 
material should have absorption edge extended to at least ~520 nm. Definitely, in 
this case, QE should be considered as 100% [25] which often is hardly possible. To 
summarize the above, it is clear that efficiency of solar energy conversion becomes 
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higher for overall water splitting under longer wavelength irradiation, as the number 
of available photons in the solar spectrum increases which leads to more advanced 
presence of photo-induced charge carriers. Definitely, it is not easy to find materials 
whose band gap perfectly suits both oxidation and reduction potentials of water 
splitting while at the same time absorbs visible light. There are several prominent 
candidates discovered in recent years that might satisfy these requirements such as 
Ta3N5, Cu2O, C3N4, TaON, etc. Yet, compared with well-known and studied for sev-
eral decades compounds that have wide band gap such as ZnO and TiO2, the former 
ones suffer from various problems such as low chemical or mechanical stability, 
high cost, low accessibility, and non-friendly influence on the environment. Even 
though it has no direct relation to their proceeding of light-induced reactions, these 
influence negatively on the overall performance. Thus, it prevents their extensive 
use. For example, Ta3N5 has perfect band position with respect to both redox reac-
tions and can absorb visible light given its band gap of ~2.1 eV. In this regard, it is 
expected to show relatively high output in hydrogen production under sunlight. The 
problem is, however, that this compound has some level of photocorrosion which 
might result in the degradation of hydrogen production efficiency during extended 
session of light irradiation [26].

There exist two types of solar water splitting approaches, namely, photocatalytic 
and photoelectrochemical, which are widely used in literature. As they have certain 
differences in their fundamental setup, more detailed discussion is required to 
deeply understand them. The first type, i.e., photocatalysis-related system, is simply 
based on immersing of target material, usually in the form of nanoparticles or other 
nanoscale-related structures prepared in powder-shaped arrangement, into aqueous 
media under agitated conditions, and its consequent illumination with specific light 
source. It is highly important that the photocatalyst should be homogeneously dis-
tributed in the reaction chamber and also to show water miscibility which requires 
the presence of certain functional groups on its surface [27]. Another important 
issue is that this suspension is supposed to demonstrate the capability to effectively 
absorb photons with required energies and additionally also enable them to scatter 
in various directions thus extending the penetration depth of utilized light [28]. It 
ultimately results in increasing the overall number of photo-induced charge carriers 
and positively influences successful processing of both redox reactions. In turn, it is 
obvious that 0-D structures are more preferable for this type of water splitting pro-
cess than that of other dimensions. Firstly, it provides shorter diffusion lengths as 
charge carriers only need to be transported toward the surface-liquid interface. 
Secondly, with decreasing the size of nanoparticles, their surface area increases suf-
ficiently, and it results in appearance of more reaction sites for absorbed molecules. 
Thirdly, synthesis of 0-D structures is very simple, and thus their overall cost is 
extremely low.

Photocatalytic water slitting is classified via one-step and two step (so-called Z 
scheme) processes [29]. The former setup requires the use of single photocatalyst 
whose band gap should exactly satisfy reduction and oxidation potentials as it was, 
for example, in the case of Ta3N5 mentioned above, while for the latter one, an elec-
tronic mediator is used to connect both redox reactions; thus, their separate 

1.3 Case Example II: Photocatalytic and Photoelectrochemical Water Splitting



12

realizations are proceeded by different photocatalysts [30]. This mechanism can be 
explained using g-C3N4/TiO2 heterojunction as an example [31]. Based on calcula-
tion via density functional theory, it was revealed that offsets of valence and con-
duction bands for this complex structure are ~0.40 and ~0.18 eV, respectively. Thus, 
interfacial synergy makes the surface of TiO2 become filled with negative charges, 
whereas the g-C3N4 surface is occupied by positive charges. It leads to the formation 
of a built-in electric field at the interface. Once the illumination is applied, this field 
accelerates the transfer of photoexcited electrons residing in the CB of TiO2 toward 
the VB of g-C3N4 and results in their recombination with holes and consequent 
annihilation. Following it, photoexcited electrons and holes become naturally accu-
mulated in the CB of g-C3N4 and the VB of TiO2, respectively. Achieved separation 
of charge carriers by this methodology efficiently prolongs their lifetime thus lead-
ing to increased redox capabilities. Following it, the HER reaction occurs on the 
surface of C3N4 given its electrons-filled conduction band, while OER reaction is 
proceeded by TiO2 following its holes-filled VB.

It has to be noticed that efficiencies of both setups are still extremely low. Despite 
numerous efforts applied over the past years, it approaches only the value of STH 
equaled to ~1%. Yet, several prominent results were reported very recently which 
allow to consider that it is possible to extend the performance up to the level that is 
required to achieve for its practical application. For example, it was stated that CoO 
nanoparticles with sizes of 5–8 nm, even without any co-catalyst deposition, could 
demonstrate STH as high as 5% under illumination with AM 1.5G solar simulator 
which represents one of the best ever reported efficiencies for photocatalytic sys-
tems [32]. Yet, to the deepest regret, it is rather exemption than a tendency given the 
wide range of results currently available in literature.

In turn, the second type of water splitting that is referred to photoelectrochemical 
(PEC) processing involves application of photoactive thin film fabricated on sup-
porting electrode surface in the presence of electrolyte solution. This setup espe-
cially is applicable to materials whose band gap and alignment cannot meet the 
requirements for overall water splitting. For example, valence bands of Si, GaAs, 
and GaP usually are more negative than the water oxidation potential [33], while in 
turn, conduction band of WO3, Fe2O3, and MoS2 is more positive than the potential 
for hydrogen evolution reaction [29]. Therefore, these semiconductors cannot be 
used alone for this process as only to perform corresponding half-reactions. Yet, in 
this role, they also show limited outcome. To be clear, photogenerated electrons or 
holes which were not consumed due to OER or HER, respectively, tend to find the 
charges with oppose sign to recombine. Following it, the efficiencies of these com-
pounds are very poor and inacceptable. To resolve abovementioned issues and to 
assist in proper proceeding of water splitting process, external bias is applied to 
these semiconductors causing them to become a photoelectrode that can have cath-
ode- or anode-like characteristics depending on the position of the band gap and the 
type of their own conductivity.

The mechanism of PEC water splitting process is described by taking the photo-
anode (n-type semiconductor) as an example [29]. After irradiation with photons 
that have sufficient energies, electrons are generated in it and later become 
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transferred toward the conducting substrate. Later, they are caught by the external 
voltage that drifts them to the counter electrode for the reduction reaction. In turn, 
holes are transported to the surface of photoanode by built-in electric field where 
they start to evolve into water oxidation. An oppose process is applied once the 
photoanode is replaced by photocathode. Disadvantages of this setup are as follows: 
(1) additional electrical energy is consumed to proceed the redox reactions; (2) 
counter electrode usually is fabricated using noble metal such as platinum; and (3) 
certain complexity of PEC system compared with that used for simple photocata-
lytic process.

One should notice that recently it became a very popular strategy to use p-n tan-
dem system for overall water splitting when both electrodes become illuminated 
with light. In this case, electrons accumulated in the CB of the p-type materials are 
subjected to transfer toward CB of n-type material, while the hole relocation occurs 
in the opposite direction between VBs of both materials. It allows to reach very 
efficient separation of charge carriers when the reduction reaction occurs in the 
photoanode which represents n-type materials while the oxidation is proceeded on 
the surface of p-type compound that is ascribed as photocathode. It has to be admit-
ted that the model of charge carrier transport in this case has a lot of similarities to 
that which is used for the Z-scheme during photocatalytic water splitting with only 
difference being the former one requires the use of external bias to initiate light- 
induced process. In addition, utilization of p-n junction in PEC setup also brings 
another advantage as it allows to apply the materials with smaller band gap which is 
enough to absorb photons with energies laid in visible range.

1.4  Case Example III: Photoconversion of CO2

Persistent increase of CO2 concentration in the atmosphere due to intensive use of 
fossil fuel and ongoing degradation of forest area around the world as a result of 
large-scale industrialization negatively affect our planet as it results in increased 
levels of oceans, causing the rise of temperature all around the globe. To solve this 
problem, it is highly necessary to develop an alternative source of energy which is 
unable to produce harmful gaseous compounds and in reverse provides an effective, 
pollutant-free, and affordable solution to balance CO2 presence in the atmosphere 
by reducing its content. Various methodologies are suggested to address the latter 
demand such as carbon capturing and storage (CCS), electrochemical and thermo-
chemical conversions, biological fixation, etc. Yet, a sufficient part of them suffers 
from certain problems which prevents their widespread and adoption. For example, 
CCS is an environmentally unfriendly technology as it might cause the leakage 
from geological storage. It is also highly expensive given the cost of transportation 
and compressions [34]. In turn, thermal and catalytic-based procedures require 
access to high temperatures, pressures, and exothermic reactions whose affordance 
is questionable for some populations and territories in our planet. Thus, it is not 
surprising that solar-assisted photoconversion of CO2 is considered to be one of the 
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best options due to the following concerns: Firstly, the sun provides access to abso-
lutely free source of energy; secondly, it is an eco-friendly process; thirdly, there is 
no need for additional extreme expenditure except the initial one that is used to 
construct the system; and fourthly, it results in transformation of highly toxic CO2 
into hydrocarbon fuel/useful chemicals which later can be applied in various indus-
tries and productions.

Basically, photocatalytic CO2 reduction is described by the following three steps 
[35]: (1) absorption of light with energies equaled or higher than the band gap; (2) 
separation of charge carriers and their transportation to the surface of semiconduc-
tor material; and (3) realization of redox reactions with adsorbed CO2 molecule 
(Fig. 1.3a). Among the above three steps, the first two are the same as those used for 
solar water splitting mentioned in the previous section. Thus, it is also important to 
avoid recombination of photogenerated electron-hole pairs and increase of their 

Fig. 1.3 (a) Schematic illustration of mechanism and (b) relative energy levels of photocatalytic 
reduction of CO2 on a semiconductor photocatalyst. (Reprinted from Ref. [35] (https://pubs.acs.
org/doi/full/10.1021/acsomega.7b00721) with permission from American Chemical Society. 
Copyright 2017. Further permissions related to the material excerpted should be directed to the 
ACS) (c) Conduction band (red squares) and valence band (blue squares) positions of some candi-
date semiconductor photocatalysts and the redox potentials versus NHE of CO2 reduction and 
water splitting at pH  0. (Reprinted from Ref. [36] with permission from The Royal Society of 
Chemistry. Copyright 2016) (d) Strategies employed for improving the photocatalytic CO2 reduc-
tion over metal-free materials. (Reprinted from Ref. [34] with permission from John Wiley and 
Sons. Copyright 2020)
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transportation characteristics to escape being captured in bulk. As for the third step, 
to proceed with the redox reactions, the CO2 molecule firstly should be adsorbed on 
the surface of photocatalyst and secondly become activated properly in order to be 
ready for conversion procedure. It usually occurs through formation of partially 
charged CO2

●− species which is initiated by interaction of adsorbed CO2 molecule 
with surface atoms of photocatalyst. It can be readily demonstrated using TiO2 as an 
example. CO2 molecules are tending to adsorb on defective Ti3+ sites, and it initiates 
transferring of electrons toward them. This protocol leads to oxidation of the Ti3+ 
and its transformation into Ti4+. In turn, original linear symmetry of CO2 molecule 
due to additional electron becomes bent and thus leads to lowering of energy barrier 
for accepting excited electrons given the decreased LUMO level [35, 36]. In a con-
sequent move, to trigger the photoreduction of CO2, the appearance of H+ in the 
system is highly required. It is realized via water oxidation by photo-induced holes. 
Later, H+ becomes involved in the CO2 electron-assisted reduction reaction which is 
proceeded by breakage of O=C=O bond and arrangement of new C-bonding with 
different species through series of reactions [37]. Its type and final outcome have 
clear dependency on the availability of excited electrons. Thus, various reduction 
products in the form of CO, C2H6, CH3OH, etc. can be obtained. Overall, the follow-
ing reaction pathways are determined based on the number of electrons involved in 
the reaction [38] (Table 1.1). It has to be noticed that the concentration of photo- 
induced electrons which could be used for CO2 conversion might be seriously lim-
ited as hydrogen evolution reaction is proceeded in parallel. Thus, it is clear that 
recombination rate has a crucial and extreme influence on the obtained outcome as 
electrons should be shared between two reaction pathways. Given that this process 
occurs in water, proceeding of HER is more favorable in these conditions and thus 

Table 1.1 Common products from CO2 photoreduction and their simplified redox reactions and 
redox potential at pH 7

Product Reaction Eo redoxa (V versus NHE)

Oxygen H2O → 1/2O2 + 2H2 + 2e− 0.82
Methane CO2 + 8H++8e− → CH4 + 2H2O −0.24
Ethane 2CO2 + 14H++14e− → C2H6 + 4H2O −0.27
Carbon monoxide CO2 + 2H++2e− → CO + 4H2O −0.51
Methanol CO2 + 6H++6e− → CH3OH + H2O −0.39
Ethanol 2CO2 + 12H++12e− → C2H5OH + 3H2O −0.33
1-Propanol 3CO2 + 18H++18e− → CH3CH2CH2OH + 5H2O −0.31
2-Propanol 3CO2 + 18H++18e− → CH3CH2(OH)

CH3 + 5H2O
−0.30

Formaldehyde CO2 + 4H++4e− → HCHO+H2O −0.55
Acetaldehyde 2CO2 + 10H++10e− → CH3CHO + 3H2O −0.36
Propionaldehyde 3CO2 + 16H++16e− → CH3CH2CHO + 5H2O −0.32
Acetone 3CO2 + 16H++16e− → CH3COCH2 + 5H2O −0.31
Formic acid CO2 + 2H++2e− → HCOOH −0.58
Acetic acid 2CO2 + 8H++8e− → CH3COOH + 2H2O −0.31

Reproduced from [38] with permission from The Royal Chemical Society. Copyright 2013
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consumed sufficient part of available electrons which leads to a low selectivity for 
resulted carbonaceous products [36]. Thus, one might consider that directly using 
H2 gaseous for proceeding CO2 conversion is a better option than that of the water 
as it allows to avoid HER reaction. Yet, the selectivity of this pathway is very low 
since it mostly results in the appearance of CO as the main outcome, while other 
reaction products might be less accessible [39].

Numerous efforts have been applied to make the photoconversion of CO2 suffi-
ciently reliable and compelling and to show high selectivity in final products, yet it 
is still suffering from poor outcome which is unable to make it become a practically 
available process. For example, one of the best bias-free photoconversion efficien-
cies reported in literature up to date is ~1% which was reached via application of 
reduced blue titania sensitized with bimetallic Cu-Pt nanoparticles [40]. It was dis-
covered that this system enabled to selectively generate a substantial amount of both 
methane and ethane under artificial sunlight due to the fact that Cu nanoparticles 
provided sites for CO2 adsorption, while Pt were used to effectively prevent electron- 
hole recombination. However, generally reported conversion outcome of CO2 reduc-
tion is much lower and reaches only tens of percent if not less. The following factors 
could be described as reasons of such unsatisfied performance [36]. Firstly, it is 
well-known that CO2 is considered to be a very strong and chemically inactive mol-
ecule, and thus, to break the C=O=O bond, one needs an application of massive 
amount of energy accompanied by the presence of an appropriate catalyst that pos-
sesses required characteristics and properties. Simply put, reduction of CO2 dis-
solved in H2O is determined to be an uphill reaction, and to obtain hydrocarbon fuels 
such as CH4 or CH3OH, it requires to make very high positive change in the Gibbs 
free energy equaled to 818.3 kJ mol−1 and 702.2 kJ mol−1, respectively [36]. For 
comparison, splitting of H2O molecule into hydrogen and oxygen using standard 
conditions causes the change in the free energy for “only” 237.2 kJ mol−1. Secondly, 
the light-induced conversion of CO2 is a multi-electron process which clearly 
depended on the availability of charge carriers on the surface of catalyst and pres-
ence of protons within the solution. For example, to generate C2H6 and C2H5OH, it 
is necessary to succeed in transportation of 16 and 12 electrons, respectively, which 
is much more difficult than, for example, to initiate two-electron reaction associated 
with H2 evolution from H2O. Thirdly, the material which is going to be used as a 
photocatalyst should have CB higher than the reduction potential of CO2 as it facili-
tates the transfer of electrons, while VB is required to be below the water oxidation 
potential as it favors the transfer of holes (Fig. 1.3b). In addition, it should absorb 
visible light as it constitutes a significant part of the solar spectra. Fourthly, CO2 has 
poor solubility in water, and thus, its adsorption on the surface of the catalyst and 
consequent activation via proton-coupled electron transfer is proceeded with certain 
difficulties [35]. Thus, other processes such as hydrogen evolution reaction 
[41] become more preferential and dominated for the photo-induced electrons to 
choose for participation. It results in low selectivity of carbonaceous products.

Definitely, the latter problem could be solved simply by using various additives 
such as NaOH and Na2CO3; however, the negative side of this method is that their 
presence in solution makes the reduction of bicarbonate and carbonate species more 
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difficult [35]. Another method to resolve the problem of CO2 solubility in water is 
simply to avoid this media by applying gas-phase reduction protocol which is based 
on mixing the water vapor with CO2 gas and using it as starting reactants. In fact, it 
results in higher outcome compared to that of using liquid-phase process. For exam-
ple, Xie et al. [42] investigated photoconversion of CO2 by TiO2 and Pt-TiO2 cataly-
sis in both setups and discovered that gas-phase reaction causes much higher 
production activity to obtain CH4 over that of the liquid phase. Furthermore, the 
former process initiates better selectivity toward CO2 rather than water reduction as 
less hydrogen were detected in the system. In turn, Olivo et al. [43] investigated 
both processes and confirmed that vapor-phase deoxygenation indeed drives great 
selectivity toward obtaining methane, whereas in the liquid phase, water dehydro-
genation allows to achieve intermediate oxidation state products, i.e., formic acid, 
formaldehyde, and methanol. The problem is, however, that gas-phase reduction 
protocol requires a more complex setup that leads to certain difficulties in its ade-
quate realization.

Among various photocatalysis used for reduction of CO2, TiO2 has been 
employed most widely given that its VB and CB positions are suitable to redox reac-
tions (Fig. 1.3c) and in addition, it is also a cheap, abundant, chemically stable, and 
easy-to-produce material. Yet, it only can be activated under UV light which limits 
its performance and outcome. Definitely, it is clear that some other materials, in 
perspective, are suitable to be utilized under solar light for CO2 conversion as their 
band gap apart from suiting the redox potentials for both oxidation and reduction 
reactions also is narrow enough to capture photons with energies of visible light 
irradiation. However, moving from theoretical estimation to practical utilization, it 
becomes clear that their efficiencies are extremely low due to other factors which 
also need to be considered deeply. For example, copper-based semiconductors such 
as CuO, Cu2O, and Cu2S, with band gaps of ~1.7 eV, ~2.2 eV, and ~1.2 eV, respec-
tively, can demonstrate excellent visible light harvesting. Given that they also show 
good selectivity toward CO2 reduction whether in the form of single or tandem cata-
lyst, it should be no question for their applications in this photoconversion process. 
However, the narrow band gap leads to highly limited photocatalytic activity as it 
causes extremely fast recombination of photo-induced carries [44, 45]. Additionally, 
these materials suffer from poor chemical stabilities as it was mentioned above. For 
example, CuO is rather reactant than catalyst during the photoconversion reaction 
with CO2, as under interaction with this gaseous compound, it undergoes transfor-
mation into copper carbonate [46]. Thus, it is hardly surprising that various 
approaches are applied to extend the current performance of materials given that 
their pure forms often could not satisfy even the most basic requirements for stable 
and efficient reduction of CO2 (Fig. 1.3d). Among them, doping with metal and non- 
metal elements, use of co-catalyst, and application of multicomponent composition 
such as Z-scheme and heterojunction semiconductors have been investigated the 
most actively [35]. For example, returning to TiO2 and its ability to absorb only UV 
light, it is often combined with other compounds such as CdS, graphene, and GaP 
[44] which are sensitive to the visible spectra of solar irradiation. Thus, they can 
accept photons with less energies and consequently transfer them to this material. 
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Doping also can extend the activity of semiconductor materials as it was shown in 
the study by Li et al. [47] where N-TiO2 photocatalyst was able to reduce CO2 gas 
under illumination with visible light.

In turn, very recently, a lot of attention was given to the possible role of intrinsic 
surface defects in increasing the reactivity toward CO2 photoconversion as they 
enable to govern adsorption of its molecules and their processing. For example, it 
was discovered that attraction between oxygen vacancies created on the surface of 
SrTiO3 and oxygen atoms presented in CO2 molecules could lower the activation 
barrier and enhance the availability of trapping sites and their attractiveness [48]. In 
another study, it was shown that reduction of CO2 through dissociation of CO2

●− 
charge species into CO by means of vacancy-induced mechanism could occur even 
in dark [49]. This discovery allows to consider that realization of this reaction might 
not be limited only by daily time or cloudless weather but also could be proceeded 
at night or in rainy days thus creating 24-hour unstoppable cycle.

Overall, it can be said that CO2 photoconversion using solar light illumination is 
a very perspective, novel, and highly advanced technology whose proper develop-
ment and application might provide a great solution to the existed problem of atmo-
sphere pollution and so-called green effect. Furthermore, given the obtained 
outcome of reduction reaction, it also allows to reach environmentally friendly pro-
duction of various carbon-containing chemicals that processing by using current 
industrial technologies  is, in fact, expensive, dangerous, and most importantly, 
results in extreme pollution. Thus, CO2 photoconversion can feed two birds with 
one stone. Yet, as it was mentioned above, it is a far-reaching perspective given its 
current efficiency and selectivity. In light of this, extensive and deep studies are still 
required to shift it from category of “highly demanded” to “widely accessible.”

1.5  Case Example IV: Photocatalytic Nitrogen Fixation

Nitrogen is one of the most important and essential elements to keep the functional-
ity of all biological organisms. It serves as starting blocks for the synthesis of various 
organic compounds such as amino acid, nucleotides, etc. which highly assist in 
growing tissues in plants and animals [50]. However, even though the content of 
nitrogen is extremely high in atmosphere, it cannot be directly utilized by living mat-
ters given that the molecular structure of the N2 molecule is very stable due to the 
presence of nonpolar energetic N-triple bond [51]. Thus, the consumption of nitro-
gen is usually proceeded via its assemblance as ammonia. It is determined to be the 
necessary raw material for fertilizer production. The transformation of N2 to NH3 is 
thermodynamically accessible process as it is supposed to result in release of energy 
due the following reaction: N2(g) + 3H2(g) = 2NH3(g), ∆H298K = 92.2 kJ mol−1 [50]. Yet, 
its spontaneous proceeding cannot be realized at ambient conditions due to extreme 
chemical stability and inactivity of nitrogen and also its low proton affinity [52].

Industrial production of ammonia is achieved via well-known Haber-Bosch 
approach in which high-purity streams of nitrogen and hydrogen are reacted over 
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metal-based catalyst at high temperature and pressure of ~500 °C and ~250 atm, 
respectively, which constitute nearly 1% of all-around worldwide fossil energy and 
result in several million tons of CO2 emission each year [53]. Such a huge pollution 
is mostly caused by the presence of hydrocarbons in raw materials that are used to 
produce pure hydrogen. Thus, in consideration of sustainable development that 
modern society is required to follow, it is highly desirable and essential to develop 
and implement more energy-affordable and environmentally friendly strategies 
which could replace current Haber-Bosch synthesis.

In nature, the nitrogenous enzymes in azobacteries can realize the nitrogen fixa-
tion at room temperature and atmospheric pressure without utilizing external forces 
and sources [51]. Inspired by this biological system and given that Fujishima and 
Honda [54] reported the first use of semiconductor materials such as TiO2 for split-
ting of water into hydrogen and oxygen under UV light, a flurry of research activi-
ties has been devoted to the development of accessible photocatalyst which can 
generate ammonia simply via using water and nitrogen as reagent compounds. Even 
though the efficiency of this setup is much lower than it is required for even a partial 
industrialization, its future perspectives as alternative to the mentioned above 
Haber-Bosch synthesis are obvious.

The overall reaction of photocatalytic nitrogen fixation is considered to have the 
following form [50]:

 N H O NH O2 2 3 23 2 1 5+ → + .  (1.9)

It is a thermodynamically uphill process which is partially described in terms of 
water splitting and consequently results in appearance of proton H+ followed by its 
further interaction with nitrogen through electron-assisted pathway to become 
assembled into NH3 (Fig.  1.4a). For clarification of its correct proceeding, the 

Fig. 1.4 (a) Schematic of semiconductor-based photocatalysts used for the conversion of N2 to 
NH3. The redox potentials (V vs. NHE at pH = 0) of water splitting and dinitrogen hydrogenation 
are marked on the left. (Reprinted from Ref. [50] with permission from The Royal Society of 
Chemistry. Copyright 2018) (b) Reaction pathways for the nitrogen reduction reactions by proton- 
coupled electron transfer, including the dissociative pathway, distal and alternative associative 
pathway, and enzymatic pathway. (Reprinted from Ref. [56] with permission from The Royal 
Society of Chemistry. Copyright 2019)
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following stages are determined: Firstly, the material which is going to be served as 
photocatalyst is irradiated by photons with energies equaled or higher than its band 
gap. It initiates gathering of electrons in the conduction band, while holes remain in 
the valence band. Secondly, given credits to possible partial recombination of photo- 
induced charge carriers which hardly could be avoided, in the next step, the remain-
ing part migrates to the surface where it will initiate redox reactions with adsorbed 
species. It has to be noticed that above-described two steps are very similar to that 
used for other photocatalytic reactions mentioned in previous sections. Thirdly, 
upon arrival to the surface, the holes begin to proceed oxidation of H2O, while N3 
tends to be reduced into NH3 via a series of multi-step insertion of photo-induced 
electrons and water-derived protons which is also called as the hydrogenation step. 
The following half-reactions are used to describe this process [55]:

 Step1 2 4 42 2: H O h O H+ + → + +  (1.10)

 Step2 6 6 22 3: N H e NH+ + →+ −  (1.11)

To make their occurrences become possible, it is essential that VB and CB of the 
materials are located below and above the redox potentials of the corresponding 
reactions as shown in Fig. 1.4a. Several words need to say about the actual mecha-
nism of N2 fixation by photocatalyst. Taking its electrochemical equivalent as exam-
ple [56], it might be described via successful realization of the next three stages: (1) 
adsorption of dinitrogen molecules on the surface of semiconductor; (ii) cleavage of 
the nitrogen triple bonds and hydrogenation of dinitrogen; and (iii) desorption of the 
as-formed ammonia molecules (or other intermediate products) from the surface of 
semiconductor. In the case of photocatalyst, the hydrogenation of dinitrogen is 
accomplished by consecutive proton and electron transfer whose accessibilities are 
correlated with water reduction and surface of semiconductor, respectively. It is 
interesting to notice that electrocatalytic nitrogen fixation, which is also extensively 
investigated as the future technology in comparison to the paralleled photocatalytic 
process, requires that the protons for the reaction should be taken from electrolyte 
solution that is used instead of water as an aqueous media where the N2 is dissolved, 
while electrons are supplied via external bias.

One might consider that similar to CO2 photoconversion process, the electrons 
which appear on the surface of semiconductor materials should be shared between 
hydrogen evolution and ammonia reduction reactions. Yet, it can easily be avoided, 
as nitrogen fixation from thermodynamic point of view is more favorable to occur 
since it has higher-onset potential than that of HER, even though under basic condi-
tions, they are very close [56]. It is important to notice that incomplete reduction of 
dinitrogen results in appearance of high-energy intermediates. For example, a four- 
and two-electron pathway leads to generation of hydrazine and diazene, accord-
ingly, by the following reactions [50]:

 Hydrazine : N H e N H2 2 42 4+ + →+ −  (1.12)
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 Diazene : N H e N H2 2 22 2+ + →−  (1.13)

Yet, as both reactions have a highly negative potentials which are equaled to 
−0.36 V and −1.10 V vs NHE, respectively, it means that they are thermodynami-
cally less favored compared with that of six-electron assisted reaction [56], and thus 
their occurrence as final products is only possible under extremely non-equilibrium 
conditions. However, these intermediates are part of proton-coupled transferred 
mechanism since the formation of NH3 occurs through them. In turn, the initial step 
for triggering actual nitrogen fixation is the transfer of the very first electron toward 
the adsorbed N2 ad-molecule which resigned on the surface of catalyst [56]. It 
occurs even in the absence of required proton. The following reactions along with 
their onset potentials were proposed to describe this process [50]:

 N e N E V vsNHE VO
2 2 4 16+ → ( ) −− .  (1.14)

 N H e NH E V vsNHE is VO
2 2 3 2+ + → ( ) −+ − .  (1.15)

As can be seen, highly negative potentials make them very difficult to proceed as 
large energetic barrier should be overstepped for initiation. Based on this, it was 
considered that these reactions hamper the overall kinetics of N2 photocatalytic 
reduction as in addition to mentioned issues, it is also highly difficult to find the 
materials whose conduction band would match it.

Depending on different hydrogenation (protonation and reduction) and nitrogen 
bond cleavage sequences, generally, two types of nitrogen fixation mechanisms are 
proposed [56]: (i) the dissociative route and (ii) the associative route. In the disso-
ciative route, dinitrogen firstly become adsorbed on the surface of target material 
followed by nitrogen bond cleavage, leaving two adsorbed N-adatoms, which then 
are evolved into hydrogenation independently and consequently are released from 
the catalyst in the form of NH3. It has to be mentioned that this pathway is more 
appropriate to electrocatalytic process than the one initiated by irradiation with 
solar light. As for the associative route, nitrogen bond cleavage and hydrogenation 
reaction occur simultaneously. Since end-on coordination scheme is by far the most 
common bonding mode [57] which represents that only single N atom in the dini-
trogen molecule interacts with the surface of catalyst, it might be suggested that the 
association pathway is a more preferable route for photocatalytic reaction. In addi-
tion, it can be further categorized into two courses which are called as distal and 
alternating pathways [58]. In the former one, the proton/election compound is going 
to reach one of N atoms in the adsorbed dinitrogen molecule and results in full 
cleavage of the N-N bond followed by release of NH3. Thus, another N-adatom is 
left on the surface of the catalyst. It is also hydrogenated subsequently in the latter 
step. In turn, the alternating pathway results in simultaneous reactions of both nitro-
gen atoms with respective proton/election compounds, and only after that N-N bond 
become broken. Then the reduced species are released from the surface of catalyst 
as separate product. Schematically, these types of photocatalytic nitrogen fixation 
are shown in Fig. 1.4b.
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Unmodified semiconductors with original structurers and properties could hardly 
meet the standards for correct realization of photocatalytic nitrogen fixation pro-
cess, given that the position of their conduction band can scarcely reach the negative 
potentials of solvated dinitrogen anions whose formation is contributed to the N2 
reduction. Another problem is that rarely avoidable recombination of photo-induced 
charge carriers might become the reasons that a number of available electrons which 
arrive to the surface simply would not be enough to initiate the hydrogenation of N2 
via six-electron mechanism. Other problems such as insufficient accessibility of 
favorable spots on the surface where N2 molecule can be adsorbed or wide band gap 
of semiconductor photocatalyst and thus limited option of using only UV light also 
might become a crucial issue in the search for an appropriate material. However, 
even though proper compounds could finally be synthesized and effectively used, 
transforming this discovery into successful industrial application might become a 
nontrivial task given the questions of their abundance, production and utilization 
cost, chemical stability, and environmentally safety. Thus, to meet all these require-
ments and to create adequate photocatalytic materials for solar light assisted N2 
fixation, numerous efforts have been applied to properly modify and adjust already 
existed traditional semiconductors in terms of their electronic, structural, optical, 
etc. compositions using well-known and widely applied procedures such as doping 
with metal and non-metal, formation of vacancies, and assemblance with other 
materials including noble and transitional metals.

Several prominent examples of certain photocatalytic semiconductors adopted 
for nitrogen fixation are concisely demonstrated below. Yet, it is important to notice 
that deeper discussion regarding the exact and precise classification regarding the 
types of applied materials, their elemental composition and diversity of modified 
geometrical and electronic configurations, as well as detailed description of some 
specific particularities and features along with identification of clear and individual 
strategies for their further improvement and advancement is beyond the scope of 
this chapter as its goal is only to briefly overview photocatalytic nitrogen fixation 
and its current progress. Interesting readers are asked to search specialized literature 
such as Ref. [50], for example.

TiO2-based materials TiO2 can easily perform the oxidation of water resulting in 
efficient delivery of proton toward adsorbed N2 for activating the reduction reaction. 
Yet, its outcome is considered to be extremely low as TiO2 suffers from high recom-
bination rate and could only absorb UV light which limits the number of captured 
photons. Several strategies are applied to make this material become more suitable 
for N2 fixation process. For example, it was stated that formation of defects on the 
surface leads to increased adsorption of N2 molecules [59], while doping with Fe 
and Cr results in highly enhanced separation rate of photo-induced charge carriers 
as iron ions enable the trapping of electrons, while chromium atoms lead to 
decreased diffusion lengths of minority carriers [60, 61]. These changes have been 
found to have a profound influence in increasing the overall N2 reduction efficiency. 
In turn, similar to Fe, incorporation of other elements such as Co, Mo, Ce, and Ni 
and also specifically tuned V into TiO2 was discovered to have highly positive effect 
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on the light-induced formation of NH3, while the influence of Cr, Pd, and Cu doping 
was demonstrated to be less significant [62, 63]. Moreover, noble metal loading 
including Ru, Pt, and Rh can also be considered as attractive strategy to enhance the 
productivity toward N reduction as they are able to eject additional electrons into 
conduction band of TiO2 [64].

Alternative binary metals Apart from TiO2, other metal oxide compounds such as 
iron oxide, tungsten oxide, and zinc oxide [50] also have been studied extensively 
even though the progress toward their successful realization as an efficient photo-
catalyst is less prominent than that of TiO2. Iron oxide originally is unable to show 
any activity toward light-induced nitrogen fixation, while it is one of the best com-
pounds to be used in the abovementioned Haber-Bosch synthesis. Yet, in combina-
tion with other materials such as loading on porous g-C3N4 [65] or due to 
self-modification into amorphous form [66], it could achieve very sufficient photo-
activity toward reduction of N2 under simulated solar and visible lights, respec-
tively. Another discovery regarding iron oxide was made by Khader et al. [67] who 
successfully prepared a mixture of α-Fe2O3 and Fe3O4 (90% vs 10%) and demon-
strated its effective application to reach continuous production of ammonia for 
about 580 h under illumination of light with energy greater than 2.3 eV. Tungsten 
oxide is also actively used for photocatalytic fixation of N2. For example, Li et al. 
[68] reported that carbon-tungstic-acid hybrids in the form of C-WO3-H2O enable to 
show significant performance toward generation of NH3 under irradiation with Xe 
lamp. It was stated that photoactive WO3·H2O guaranteed the supply of electrons 
and protons for subsequent hydrogenation, while presence of carbon atoms in this 
hybrid resulted in strengthening of reduction reaction. In turn, it was reported [69] 
that introduction of Mo species into defect-rich W18O49 ultrathin nanowires can be 
considered as an excellent approach for extending photocatalytic production of 
ammonia. The observed Mo-W centers serve as active sites for chemisorbing N2 
molecules. At the same time, the enhanced metal-oxygen covalency in lattice of this 
photocatalyst activates the electron transfer. In turn, doped Mo species elevate the 
defect band center toward the Fermi level securing more energy in terms of photo-
excited electrons which can be further used for reduction reaction.

Overall, it has to be noticed that even though great and really impressive progress 
is reached toward developing a suitable compound to serve for photocatalytic N2 
reduction, the demonstrated NH3 conversion efficiency is still extremely low and 
cannot be viewed for any practical application yet. To be clear, current production is 
estimated in terms of “mmol/g,” while for any serious consideration, it should 
become at least “mol/g.” Thus, the present goal is to make the photocatalytic yield 
reaching the minimum required level which might provide some hope that this pro-
cess would have perspectives to be adopted for industrial facilities. In such course 
of action, it might speed up the progress of improving its practical reliability and 
accessibility. Hence, it is important to continuously apply all current efforts in 
reaching it through further development of appropriate and correct semiconductor 
materials with required band-gap value, position, and stability. Overall, there is a 
strong belief that solar energy conversion of nitrogen might initiate a revolution of 

1.5 Case Example IV: Photocatalytic Nitrogen Fixation



24

renewable and sustainable energy sector which can bring numerous benefits to the 
present environmental and economic situation around the globe.

1.6  Other Photocatalytic Reactions

Apart from the abovementioned well-known photocatalytic reactions whose wide 
investigation deserved numerous attentions in literature, there exist other less stud-
ied but nevertheless also highly important light-induced processes which deserved 
to be mentioned and discussed briefly.

1.6.1  Photocatalytic Reduction of Cr (VI)

Hexavalent chromium known as Cr (VI) is extensively applied in various industrial 
applications such as pigmenting, metal plating, and leather tanning [70]. Yet, there 
is a huge concern that their realization might result in appearance of liquid waste 
whose inappropriate processing and inadequate storage make possible the develop-
ment of unexpected leakages thus leading to heavy chromium contamination of 
nearby soil, ground, and surface waters [71]. As hexavalent chromium is determined 
to be one of the most dangerous pollutants due to its high toxicity to humans, ani-
mals, and plants, there is an urgent need in proper treatment of this compound via 
environmentally friendly, affordable, and cost-effective strategy as existing methods 
such as chemical precipitation, ion exchange, filtration, etc. suffer from low effec-
tiveness, complexity of the operation procedures, and high cost.

In this regard, photocatalytic reduction attracts serious interest among the scien-
tific community as it only requires utilization of solar light to drive the reaction, 
hence, can be considered as highly accessible approach. To proceed it, the conduc-
tion band of applied semiconductors is required to be located more negatively than 
the reduction potential of Cr (VI) which however is not easy to be identified as it has 
clear dependency on the acidity or basicity of an aqueous solution. At pH value less 
than 2.0, Cr (VI) existed as H2CrO4, while higher pH results in its transformation 
into CrO4 structure. Potentials for both compounds were identified as ~1.35 V vs. 
NHE and −0.13 V vs. NHE, respectively [72] (Fig. 1.5a, b). Thus, the reduction of 
Cr (VI) can be proceeded by one of both pathways (Eqs. 1.16 and 1.17) depending 
on the conditions of surrounding aqueous media [71]:

 Low pH : HCrO H e Cr H O4
3

27 3 4− + − ++ + → +  (1.16)

 High pH : CrO H O e Cr OH OH4
2

2 3
4 3 5− −+ + → ( ) +  (1.17)
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It has to be noticed that Cr (VI) photocatalytic reduction is controlled by a surface- 
reaction step which means that lowering the pH favors the adsorption and conse-
quent activation of this compound. Yet, certain photocatalytic materials at these 
conditions show degradation of their intrinsic properties which might neutralize all 
advantages of low pH. For example, TiO2 at extreme acidic conditions has accumu-
lation of positive charges on its surface which recombines with photogenerated 
electrons resulting in almost complete absence of charge carriers that disable the 
reduction of Cr (VI) [73]. In addition, as can be seen from the above, this reaction 
also involves proton-coupled electron transfer mechanism similar to that observed 
in previously discussed photocatalytic processing. The presence of H+ is usually 
achieved via water oxidation reaction whose realization is determined by photogen-
erated holes residing in the valence band. In turn, the electrons located in the con-
duction band participate in the reduction process. Comparing both half reactions, 
which occurred during the photocatalytic conversion of Cr (VI) in water in the 
absence of any additional hole scavengers, water oxidation is regarded as a more 

Fig. 1.5 (a) Potential with respect to the standard hydrogen electrode versus pH diagram of 
Cr-H2O system at 25 °C, (b) Cr (VI) species distribution diagram, and (c) proposed mechanism for 
the photocatalytic reduction of Cr (VI) in the presence of humic acid using Ce-ZrO2 catalyst under 
visible light irradiation. (Reprinted from Ref. [71]. Copyright 2018 MDPI. Available under the 
Creative Commons Attribution 4.0 Generic License, https://creativecommons.org/licenses/by/4.0/)
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complicated process that involves four-electron transfer, while reduction is limited 
by three-electron processing, and thus the former is considered as rate determining 
step. In this regard, to increase the efficiency of the photocatalytic reduction of Cr 
(VI) in water, certain organic compounds are added to serve as hole scavengers.

Various materials were reported to be applied for degrading this harmful com-
pound including well-known oxides such as CdS, ZnS, WO3, TiO2, ZnO, and ZrSe. 
Each of them has its own kinetics and specification which influence the proceeding 
of reaction, its outcome, and, most importantly, efficiency.

Titanium dioxide TiO2 was considered to be one of the most intensively studied 
catalyses given its abundance, availability, and environmental friendliness. It is suit-
able for water oxidation, yet given the position of its conduction band which is 
located at −0.42 V vs NHE, reduction of Cr (VI) can only be activated at the neutral 
conditions [71]. Even though the potential of this harmful compound in theory can 
be shifted to more positive values via introduction of highly acidic conditions, the 
advantage of this step might simply be neglected by largely reduced charge transfer 
characteristics of TiO2 as it was mentioned above. In addition, low photocorrosion 
results in significant shortening of the operation time. Furthermore, holes which 
were not consumed during water oxidation likely cause the formation of OH● radi-
cals on the surface of TiO2 and assist in oxidation of Cr (III) back to Cr (VI), thus 
hampering the overall conversion efficiency. Another problem which should be 
faced is that this material is mostly activated by UV light given its wide band gap 
which limits the concentration of photo-induced carriers. Various approaches can be 
applied to solve these problems. For example, combining TiO2 with other materials, 
such as titanite nanotubes results in increasing rate of Cr (VI) reduction up to 50% 
[74], while coupling with noble metals such as Ag greatly benefits charge separation 
efficiency and shifts the absorption of light toward visible spectra. Furthermore, it 
was reported that Ag-TiO2 enable to achieve the processing of this photocatalytic 
reaction even in dark conditions [75].

Ce-doped zirconium oxide The advantage of this material compared with TiO2 is 
that it might be activated under visible light and thus enable to access solar spectra. 
Also, it has a great stability toward acidic conditions and thus can be easily applied 
at pH values lower than two [71]. Given that Cr (VI) at these conditions exist in the 
form of HCrO4

−, which has a higher reduction potential and can be less repulsed by 
zirconia surface, it results in great conversion efficiency. Furthermore, immobiliza-
tion of this photocatalyst on SiC support as well as addition of electron-reach humic 
acid (HA) into aqueous solution could be used to further extend the performance of 
Zr-based catalyst. For example, it was reported that 36% of Cr (VI) was reduced to 
Cr (III) in the presence of HA, whereas this value reaches only 25% without HA. It 
was explained by scavenging holes on VB via HA-related mechanism (Fig. 1.5c) [71].

Carbon nitride This material is able to absorb visible light given its band gap of 
2.7 eV and suitable position of conduction band, yet it has low productivity for Cr 
(VI) reduction due to very fast recombination of photogenerated electrons and holes 
and other less discussed problems. Various approaches are applied to solve this 
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problem and extend the photocatalytic efficiency further such as soaking of g-C3N4 
in HNO3 or HCl aqueous solution [76]. It resulted in larger specific surface area and 
appearance of positive surface charges which contribute to water oxidation and 
higher adsorption capacities for Cr (VI). Another approach to improve the efficiency 
of C3N4 was demonstrated by Dong et al. [77] via self-doping mechanism.

1.6.2  Photocatalytic Reduction of Other Toxic 
and Nontoxic Metals

There are numerous hazardous metallic compounds which can be found in waste-
water such as silver Ag(I), copper Cu (II), mercury Hg (II), uranium U (VI), and Zn 
(II). As reported by Wahyuni and Aprilita [78], (1) silver contamination might be 
due to its usage in the electronic industry; (2) copper is caused by disposal from 
electroplating and electrical stuffs; (3) mercury originated by gold recovery and 
incinerator in hospitals; (4) uranium purification or extraction from its respected 
mineral leads to appearance of uranium (VI) ion; and (5) the detection of zinc met-
als in wastewater can be explained by its usage in various types of industries such 
as mining and coal and waste combustion processing not mentioning nanoscale 
technologies and devices.

It was reported that common photocatalyst such as TiO2 can effectively reduce 
those metals by transforming into less harmful compounds via the following reac-
tions [78]:

 Ag e Ag E V+ −+ → =0 0 0 79.  (1.18)

Cu e Cu orCu e Cu E Vvs E V2 2 0 0 02 0 153 0 34+ − + + −+ → + → = =. . .  (1.19)

 H e Hg E Vg
2 0 02 0 85+ −+ → = .  (1.20)

 UO e UO E V2
2 0 0 63+ − ++ → = .  (1.21)

 Zn e Zn E V2 0 02 0 76+ −+ → = .  (1.22)

It has to be noticed that reduction reaction activated by light irradiation also can 
be used to deposit the target metal compound on the specific substrates. For exam-
ple, chemical-based formation of noble metal nanoparticles, especially platinum, 
and their consequent light-supported loading on semiconductor surfaces is an estab-
lished practice in photocatalysis. In turn, preparation of catalytically active non- 
precious metal nanoparticles via photo-reduction also became possible recently. As 
an illustration, it was demonstrated that TiO2 could effectively transform CuSO4 
into well-dispersed Cu2O or Cu nanoparticles with highly defined sizes using only 
visible light [79].
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1.6.3  Photocatalytic Hydrogen Peroxide Production

Hydrogen peroxide (H2O2) is one of the most demanded and utilized chemicals 
around the world as it is very efficient in assisting in development of various chemi-
cal reactions and processes and has one of the highest contents of active oxygen. 
Oxidation of anthraquinone (AQ) is the major process used for industrial-based 
production of H2O2. Yet it requires the application of complex multi-step reactions 
accompanied by large supply of energy and also creates a lot of wastewater and 
solid compounds followed by generation of exhaust gases negatively affecting 
Mother Nature. Thus, an alternative to this processing is in high demand. Most 
recently, photocatalytically activated production of H2O2 has been receiving certain 
attention among scientists as it allows to avoid the use of explosive H2 and only 
requires the application of water and O2 as starting materials, while the energy to 
initiate necessary reactions can be supplied by sunlight. Most importantly, any pol-
lutions are completely absent during the overall process.

Typically, reactions on the surface of photocatalysts include several steps which 
mostly are similar to other types of light-induced processes and briefly described as 
follows: (1) absorption of photons with energy equaled or higher than band gap of 
semiconductor materials used as catalyst and consequent generation of photo- 
induced charge carriers; (2) their transport to the surface; and (3) redox reactions 
with adsorbed species from surrounding media. As the first two steps were dis-
cussed numerously in previous sections with certain details, here the main attention 
is devoted exclusively to the occurrence of the third step. The H2O2 photocatalytic 
reaction is considered to have an uphill character with a standard Gibbs free energy 
change of 117 kJ mol−1 and thus cannot occur spontaneously [80]. Its proceeding is 
usually realized through either an indirect sequential two-step single-electron or 
two-electron reduction which is developed through the formation of intermediate 
oxygen radical or via direct transformation of O2 [81]. A schematic illustration of 
both pathways for photocatalytic H2O2 production is shown in Fig. 1.6a, b). As can 
be seen, holes residing in VB tend to advance water oxidation, while electrons from 
CB are responsible for the reaction with adsorbed O2 to generate the final produce 
of H2O2.

For more concrete and precise illustration, indirect sequential two-step single- 
electron pathway of reduction process is demonstrated by Eqs. (1.23, 1.24, 1.25, 
and 1.26), and it is described by the following sequence [82]: (1) one-electron 
reduction of O2 and appearance of superoxide radical O2

● (Eq. 1.23); (2) O2
● reacts 

with H+ to become reconstructed into HO2
●− radical (Eq. 1.24); (3) this radical is 

subjected to the second one-electron reduction (Eq. 1.25) to become transformed 
into HO2

●; and (4) its reaction with H+ to form the final product of H2O2 via Eq. 
(1.26). In turn, one step two-electron process is described by only single transfor-
mation (Eq. 1.27) as O2 directly reacts with two H+ for the conversion into H2O2 
[82]. It was demonstrated that out of two pathways, the one-electron route has nega-
tive effect on efficiency of H2O2 production, thus, two-electron route is more pref-
erential [81].
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 One electronroute : O e O2 2+ →− •  (1.23)

 O H HO2 2
• ++ →  (1.24)

 HO e HO2 2+ →− •  (1.25)

 HO H H O2 2 2
• ++ →  (1.26)

 Two electrons route : O H e H O2 2 22 2+ + →+ −  (1.27)

As the photocatalytic H2O2 production meets almost the same challenges and prob-
lematic issues as other related processes such as photoreduction of CO2 or solar 
water splitting, relatively similar approaches are applied to increase the performance 
of utilized catalytic materials whose range include but not limited to the following 
semiconductors: TiO2, g-C3N4, metal-organic compounds, etc. Overall, the greatest 
attention is granted to the next strategies: (1) modification of morphology and struc-
ture in terms of introducing various types of defects including vacancies and inter-
stitials. It influences positively charge recombination rate as presence of intrinsic 
imperfections results in higher capability to separately trap photo-induced electrons 
and holes and tune their diffusion lengths. Defects also can alter the energy levels of 
the conduction and valence bands and cause the narrowing of the band-gap energy, 
thereby leading to the extended absorption of visible light. (2) Formation of various 
complexes based on mesoporous or hierarchical 1D/3D composition enables to 
increase specific surface area and improve scattering of light photons to make them 
become easily trapped within these structures. (3) Loading with noble metal 
nanoparticles enables to improve charge carrier transportation, enhancing optical 
characteristics, and also suppress the decomposition of H2O2. In addition, utilization 

Fig. 1.6 (a) Photoexcitation and charge-decay pathway in a photocatalyst. (b) Schematic repre-
sentation of the photocatalytic system for the production of H2O2. (Reprinted from Ref. [82] with 
permission from John Wiley and Sons. Copyright 2019)
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of this architecture also might lead to appearance of surface plasmon resonance 
effect which highly contributes to the enhanced efficiency of photocatalytic pro-
cessing. (4) Doping with metal and non-metal compounds which is an excellent tool 
to improve the charge carrier mobility and concentration, tune the position of both 
CB and VB in a similar manner to that realized by intrinsic defects, or adjust inner 
electronic structure to make it become more suitable for oxidation and reduction 
reactions.

Although some very promising and intriguing results have been demonstrated, 
the overall efficiency of H2O2 photocatalytic production is still extremely low and 
cannot satisfy even the most basic requirements and precondition of industrially 
approved practical applications. Thus, it is required to expand further continuous 
adjustment and improvement of this process since its improvement could be 
achieved only by developing a proper and suitable catalyst able to overcome all dif-
ficulties and drawbacks. It is expected that efficient photocatalytic formation of 
H2O2 in the nearest future might become more than just a far-reaching dream and 
would be transformed into something real and concrete.

1.6.4  Biomass Treatment: Photocatalytic Oxidation of Glucose

The transformation of renewable biomass into useful chemicals has received great 
attention in recent years since it can be considered as an attractive alternative to the 
utilization of various fossil fuel-based processes. For example, glucose as the main 
component of biomass can be selectively oxidized into carboxylic acids such as 
glucaric acid, gluconic acid, levulinic acid, etc. This reaction is especially attractive 
since these products can be applied in certain industries. Apart from well-known 
chemical transformation used for this reaction, it was reported recently that it could 
also be accessed via route of photocatalytic process. For example, recently, Iervolino 
et al. [83] demonstrated that light-induced conversion of glucose into hydrogen fuel 
can be realized in aqueous solution through employment of TiO2 particles modified 
by simultaneous presence of fluorine and platinum. The only disadvantage of using 
this compound is that it requires prevailed use of UV-light source to initiate the reac-
tion given the wide band gap of TiO2. In this regard, Cheng et al. [84] reported that 
by applying ZnO/CoPzS8 composite, it was possible to achieve photocatalytic oxi-
dation of glucose in pure water under simulated sunlight irradiation without adding 
any acid or base. The following value-added chemicals were detected as result of 
this reaction: gluconic acid, arabinose, glycerol, and formic acid. As a final word, it 
is believed that employment of green photocatalytic process for transforming cheap 
and abundant biomass feedstocks, in this case glucose, into value-added chemicals 
is a very promising pathway. Yet, the same problem as for other photocatalysis also 
is raised here: low conversion efficiency and insufficient selectivity. Thus, continu-
ous efforts are in need to further extend present knowledge regarding this reaction.
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1.6.5  Several More Examples of Photocatalytic Reactions

Overall, it has to be noticed that various photocatalytic processes are presented in 
the literature regarding transformation of certain chemicals into desired compounds. 
Below, only some of most prominent examples are mentioned since it is impossible 
to cover them all at a satisfied depth. Given that this chapter only serves as introduc-
tory to this topic, interesting readers are suggested to address specific literature for 
more precise details.

 1. Methane can be converted by photocatalytic steam reforming to hydrogen fol-
lowing the reaction of CH4 + 2H2O → 4H2 + CO2 or can undergo photocatalytic 
total oxidation in the form of CH4 + 2O2 → CO2 + 2H2O [85].

 2. Photocatalytic reduction of nitrobenzene to aniline was reported by Jensen et al. 
[86] who demonstrated that this process can be realized under visible light irra-
diation using CdS quantum dots. Yet, it requires six sequential photo-induced 
proton-coupled electron transfers which makes it rather complicated and ther-
modynamically demanded.

 3. The photocatalytic reduction of nitrous oxide is commonly proceeded via vari-
ous transition- and noble-metal-exchanged zeolites such as the ones filled with 
Co, Pr, Fe, Cu, and Ag ions given their high reactivities [87].

1.7  Final Remarks on Photocatalysis

Solar irradiation provides access to extremely clean, abundant, endless, and renew-
able source of energy that meets current criteria and needs of human society devel-
opment. To convert this energy into useful outcome which can be applied in various 
demanding processes, the proper materials which serve as photocatalyst are required 
to be used. Thus, it became possible to catch, convert, and utilize this enormous 
photon-based energy in the way and direction following the desirable goal. For 
example, sunlight allows to reach dissolution of harmful CO2, production of hydro-
gen fuel, and removal of harmful, dangerous, and toxic pollutants from water, to 
convert certain chemicals into more valuable and wanted compounds. It is believed 
that in the far perspective, the chemical industry might become a more environmen-
tally friendly sector and would not cost so harm to our planet as most of the pro-
cesses in their facilities could be realized via exposing certain setup and aqueous 
media under the sun and simply awaiting the result. It is very attractive and bright 
future as photocatalytic-based technology are only in child-birth age which might 
be the reason why light-induced conversion efficiency is still too low to be consid-
ered seriously. Yet, 40 years ago, no one could even consider that these reactions are 
possible. Thus, it is only in our hands to make the reality that we want to be part of 
our coming future.
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Chapter 2
General Principles of Defect Engineering

2.1  Introduction

Successful implementation of photocatalyst can be realized via fulfillment of sev-
eral important requirements. Firstly, the target material should absorb visible light 
to promote the formation of charge carriers, namely, electron in the conduction band 
and holes in the valence band as it allows to utilize photons with a wide range of 
energies. Secondly, these photo-induced charge carriers are supposed to avoid 
recombination with each other in order to be transferred toward the surface for acti-
vating redox reactions with outer media and their consequent processing in a smooth 
and efficient way. Thirdly, the energy position of band gap should be properly 
aligned with respect to potentials of each redox reaction; otherwise, they cannot be 
initiated. Furthermore, it is necessary to consider the problem of industrialization so 
that photocatalysis becomes available to mass production in order to be easily 
implemented in each household. In this case, the materials used for it should be 
cheap, environmentally friendly, abundant, chemically stable, non-hazardous, etc. 
Thus, it is not a trivial and simple task to find a suitable candidate which can satisfy 
all these conditions. For example, most semiconductors suffer from deficiency to 
fully utilize solar light due to broadness of their band gap, extremely high rate of 
electron-hole recombination rate, insufficient charge transport, poor activation 
capabilities toward the adsorbed molecules, and consequently low outcome of redox 
reactions whether oxidation or reduction type or even both in terms of their efficien-
cies and stabilities. To increase them, it was suggested that coupling of several 
materials, surface sensitization with organic dye, or decoration with noble metals 
can be applied. Undoubtedly, these strategies are very promising, and several quite 
important and distinguished milestones in photocatalytic processing have been 
reached via adopting them, yet, they also have some serious problems which should 
be considered deeply and addressed properly. Firstly, they are resource-dependent 
and could lead to risks associated with progressive exhaustion and unavailability of 
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critical elements; secondly, their implementation results in increased complexness 
of experimental procedure and consequently leads to higher production and utiliza-
tion cost; and thirdly, given that combined materials have different chemistry and 
electronic and geometrical compositions, it might cause the appearance of more 
perplexes and knotted pathways for the redox reactions to occur as well as to bring 
additional difficulties in keeping them at certain desirable levels for specific dura-
tion of time. For example, noble nanoparticles during photocatalytic reaction tend 
to agglomerate, and thus efficiency of their usage becomes critically degraded. In 
this case, pure semiconductors are still considered as a more preferential choice for 
taking the role of optimal photocatalysts as they can be easily applied and adopted 
for everyday use. Yet, to practically realize their potential, it is important to seri-
ously address most crucial drawbacks associated with their electronic structure and 
at the same time preserve their genuine constitution and compositions which means 
that their changes could be allowed to occur only within proper and designated 
range. Thus, it is necessary to develop a simple and effective methodology which 
could be used to successfully modify most demanding properties causing their 
enhancement regardless the nature and composition of target material.

Defect engineering can perfectly satisfy these requirements. It provides a unique 
opportunity to tune and modify various important features of the target material 
simply by adjusting its internal constitution via, for example, removal of some of its 
own atoms, or their replacement with newly arrived foreign elements. It results in 
reorganization and consequent establishment of more advanced order within inter-
nal periodic arrangement that enables to compensate the occurring changes and 
restore the once broken equilibrium. Thus, geometrical and electronic structures 
within localized areas become ultimately affected. Given the affordance and acces-
sibility, high effectiveness, simplicity, and almost negligible impact on outer com-
position and morphology of target materials as most of transformations and 
adjustments are proceeded within the internals, this methodology is considered to 
be a highly promising candidate to assist in building photocatalyst with characteris-
tics close to ideal. Yet, to be properly applied, it should be studied and addressed in 
the most practical and adequate way as to avoid any misconception and false inter-
pretation and also escape “trial-and-error” pathways. And firstly, a basic under-
standing of various structural defects and their most fundamental characteristic is 
required to be apprehended.

2.2  Defect Engineering: Fundamentals

Persistent existence of various types and families of defects in materials is a very 
common and highly recognizable phenomenon which hardly could be escaped as 
ideal composition cannot exist in principle. For example, ZnO always demonstrate 
the presence of hydrogen impurities within its structure, and their unintentional 
introduction is usually associated with non-optimal conditions of synthesis or con-
sequent treatment protocol. The same also could be referred to the constant avail-
ability of zinc and oxygen vacancies in this semiconductor as their appearances 

2 General Principles of Defect Engineering



39

even within the lowest limit could hardly be avoided despite using the most perfect 
and highly equilibrium fabrication routes. Traditionally, defects were considered as 
an unwanted element for photocatalytic applications since their occurrence only 
causes the disruption of regular periodic arrangement of crystal lattice which even-
tually leads to the breakage of local thermodynamic equilibrium and consequent 
deterioration of compositional and band structures. Thus, it is supposed to result in 
worsening and degradation of effective electron transport, reduced range of light 
absorption, chemical instability, etc. For instance, defects might act as recombina-
tion centers for charge carriers via capturing and annihilating free electrons and 
holes, thus sufficiently decreasing the rate of their delivery to the surface of catalyst. 
As a result, the number of adsorbed species which can be oxidized or reduced 
becomes much lower. In another example, defects can be considered as scattering 
centers that enable to slow down transport of charges and decrease their diffusion 
length. Their negative role was especially emphasized with decreasing the size and 
dimension of materials and approaching nanoscale level given the changes in 
volume- to-surface ratio. Thus, for a long time, it was commonly accepted that to 
increase the photocatalytic and photoelectrochemical performances of target com-
pound, the formation of defects within its volume should be avoided at best efforts 
or at least decreased sufficiently. In this regard, reaching the highest perfectness of 
crystal lattice became an ultimate goal which was considered as an effective path-
way for acquiring the desired level of light-induced activity.

However, in some cases, it appears that this strategy might not work well since 
numerous efforts applied in pursuing the absolute structure and improved perfor-
mance often could not be associated with appearance and accessibility of required 
characteristics and desired features. Defects are still observed in materials at any 
account, and their disorganized, chaotic, and uncoordinated presence often becomes 
a prominent factor to camouflage most of applied efforts in achieving so awaiting 
perfectness. Thus, it was considered that instead of struggling with nature, it might 
be useful to “turn lemon into lemonade” and look deeply into “defect engineering” 
as an efficient tool and methodology to realize previously inaccessible yet highly 
solicited and appealed properties. Following this trend, recent studies provided sev-
eral essential and crucial evidences to confirm the ground for this thought. The main 
discovery was that under certain conditions, the intentionally introduced defects, in 
fact, are highly expected, prominent, and necessary features in materials. To be 
clear, it was demonstrated that achieving precise and accurate control over their 
nature, concentration, distribution, transformation, and behavior is the key factor 
which determines the effectiveness of the concept of “defect engineering.” Once 
applied properly and adequately, it can be used not only to greatly improve already 
existing properties but also to cause the appearance of new and unexpected yet 
highly attractive characteristics. For example, introduction of intrinsic defects in the 
form of surface oxygen vacancies into wide band-gap materials such as TiO2 
(Eg ~ 3.4 eV) or Ta2O5 (Eg ~ 3.8 eV) can greatly improves utilization of UV light and 
also expands the absorption edge toward visible light spectrum. In another case, 
correct positioning of extrinsic defects in ZnO such as hydrogen or nitrogen atoms 
that demonstrate donor- or acceptor-like characteristics results in advancing its elec-
tronic structure due to increased concentration and mobility of certain type of charge 
carriers and appearance of relevant energy levels within the band gap.

2.2 Defect Engineering: Fundamentals
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Generally, defects can be classified according to their atomic structure or consid-
ering their precise and concrete localization within the semiconductor materials. 
Given the first description, structural imperfections and irregularities have the fol-
lowing categories: 0-D point defects which represent, for example, vacancies and 
doping; 1-D line defects which represent, for example, screw and edge dislocations; 
2-D planar defects which represent, for example, twin and grain boundaries; and 
3-D defects which represent, for example, lattice disorder and voids [1] (Fig. 2.1). 
In turn, based on the position of defects within the semiconductors, they are divided 
into bulk and surface defects. The latter classification is described more detailed in 
the next chapter.

2.3  Point Defects

2.3.1  Brief Overview

Point defects are defects whose appearances are limited by the absence of lattice 
extension in any direction and dimension. Their sizes have no specific definition as 
they are usually confined within the range of several atomic radii. These defects are 

Fig. 2.1 Types of common defects in photocatalytic materials (Reprinted from Ref. [1] with per-
mission from Elsevier. Copyright 2018)
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classified as intrinsic and extrinsic types where the former one is referred to devia-
tions of the lattice structure from its ideal composition without adding any foreign 
atoms or ions. It categorizes as “vacancies” and “self-interstitials.” In turn, extrinsic 
defects are generated due to the presence of impurity or intentional introduction of 
dopant compounds into the materials and can be divided into “substitutional type” 
and “interstitials type” (Fig. 2.2). Depending on the treatment method, ionic radius, 
electronegativity, etc., they might reside in various positions within crystal lattice 
causing very different influence on the properties and characteristics of the host 
material. It has to be noticed that, for simplicity, in this and other chapters, the word 
“atom” with regard to external defects would mean both neutral and ionized species. 
For more precise identification, the reader should follow the context.

Intrinsic Defects
Vacancies. If a particular atom has kinetic energy higher than its neighbors, it can 
break the potential barrier and escape position in periodic crystal which it occupies 
at normal conditions. The remained empty spot is called a vacancy. It is formed 
more easily on the surface of materials given that the atom there requires less energy 
to be removed due to weakened bonding. Thus, nanoscale compounds have more 
defects than their bulk counterparts given the differences in surface-to-volume ratio. 
After formation, the vacancy can move deeper inside materials due to overall diffu-
sion of atoms toward the surface. Yet, it also can proceed in opposite direction if 
additional treatment is applied to the surface thus decreasing its energy and creating 
potential gradient toward it from bulk. Non-specified, random, and often accidental 
appearance of vacancies usually results in breakage of local electrical neutrality. 
Thus, to balance it, vacancies with opposite sign (cation or anion, depending on the 
type of vacancy which was introduced initially) are required to be created. This 
vacancy pair is called a Schottky defects (Fig. 2.2a), and their presence is a very 
general phenomenon for various binary semiconductors such as TiO2, ZnO, Ta3N5, 
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Ta2O5, etc. For example, TiO2 in neutral state has one titanium vacancy to balance 
two oxygen vacancies, while in the case of Cu3N, one copper vacancy can be neu-
tralized by consequent formation of three nitrogen vacancies. Following it, Schottky 
defect has no influence on the stoichiometry of the materials as the chemical bal-
ance remains the same since vacancies of both elements are created. The only out-
come of this type of defects is that it decreases the density of materials due to 
released atoms.

Self-interstitials. When the atom resides in a random position within the crystal 
lattice which is normally supposed to be unoccupied and empty from any intruders, 
this atom is called as self-interstitial. Typically, within a close-packed solid com-
pound, interstitial sites are small, and formation of this type of defect requires an 
application of larger energy than that used to make a vacancy. Yet, their appearance 
can be caused by similar reasons, and thus there often occurs a phenomenon that 
these two defects are developed simultaneously or even has a clear and distinguish 
connection, i.e., the same atoms which are evacuated from periodic array and leave 
behind a vacancy instead of escaping the materials oppositely continue its stay 
within the crystal lattice and instead take the interstitial position. In this case, this 
pair of defects, vacancy/self-interstitial, is called a Frenkel defect (Fig.  2.2b). 
Depending on the nature of atoms which cause such a perturbation and rearrange-
ment of crystal lattice, the Frenkel defect can be classified as anion and cation types. 
To illustrate it, we can again consider TiO2. Once the O2− ion moves from a nor-
mally occupied lattice position to a vacant interstitial site, the Frenkel defect has an 
anion type. In turn, when the movement is realized by Ti4+ ions, cation Frenkel 
defects are formed. Finally, one should notice that self-interstitial atoms have a high 
mobility and can easily move around crystal lattice as what happens, for example, 
in the case of Ag+ ions that can easily jump from one interstitial site to a neighboring 
unoccupied interstitial site [2].

Extrinsic Defects
Interstitial defect. The intrusion of external atom might lead to its residing in the 
interstitial site that is considered as normally unoccupied position in crystal lattice 
(Fig. 2.2c). To fit it, the “intruder” should be smaller in size compared with that of 
surrounding atoms in the host material. Given that availability of “emptiness” within 
crystal lattice is very limited in terms of its dimensionality, the presence of intersti-
tials defects usually leads to certain compression and distortion of near-neighbor 
periodical arrays.

Substitutional defect. The formation of this defect happens once the original 
atom in the lattice site of a crystalline solid becomes replaced by an external atom 
(Fig. 2.2d). This process does not occur instantly as this particular external atom 
firstly is supposed to occupy any empty spots within the crystal lattice and only then 
to be transported around it in order to exchange its position with atom of host mate-
rial. It is also often the case that the host material already has a certain presence of 
vacancy spots, and thus the external atom can directly reside there without extra 
move. This process is energetically more favorable as it does not require additional 
break or reforming of original bonds within the lattice. Overall, introduced external 
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atoms can have higher or lower radii than those of host atoms, yet it is suggested that 
this deviation should not exceed the difference of 30–40%. To adapt these changes, 
crystal lattice usually undergoes expansion or shrinkage procedure. It is necessary 
to mention that atoms from foreign dopant and introduced impurity can exist not 
only as isolated and fully independent point formation, but they also enable to inter-
act with each other or neighboring intrinsic defects to form various perplexing com-
plexes which can trap charges. It might lead to increasing the overall volume of 
available defects and their consequent transformation into enlarger planar faults and 
voids [3].

2.3.2  Intrinsic and Extrinsic Defects: Difference 
and Particularities

As mentioned above, intrinsic defects are created as a result of deviation and trans-
formation that originally balanced and relatively perfect crystal structure undergoes 
due to a certain input of external energy into the system, while extrinsic defects are 
fully based on introduction of foreign atoms into host material and their consequent 
localization within regular periodic arrangement at substitutional or interstitial posi-
tions. Both types of defects are considered to have a point-like feature, and thus 
certain characteristics are common for them such as inability to show any extension 
in the lattice and spatial dimension within several atomic radius. Yet, they also dem-
onstrate some very unique particularities which differentiate them in terms of spe-
cific influences on the structure and stoichiometry of host materials.

Intrinsic defects Formation of vacancies due to evacuation of specific type of 
atoms usually leads to appearance of non-stoichiometric domains within semicon-
ductor that tends to affect the chemical composition of surrounding crystal lattice. 
The more vacancies are formed, the higher is the level of observed non- stoichiometry. 
For instance, Zhang et al. [4] discovered that by releasing oxygen atoms in ZnO, it 
was possible to reach the formation of ZnO1-x compound where x had a clear rela-
tionship with the number of created empty vacancy spots. In addition, presence of 
these defects can be used to adjust the reconstruction of the surface accompanied by 
subsequent increase of roughness or porosity [5]. It could be explained as follows. 
The free energy of domain with missed atoms is different from that of neighboring 
fully stoichiometric lattice; thus, their appearance leads to the distortion and even 
breakage of localized thermodynamic equilibrium. To compensate it and to mini-
mize the total free energy of the system, the remaining atoms are required to relax 
their position with respect to the newly formed vacancies and to adopt more favor-
able arrangement. It is usually proceeded with redistribution of mass, i.e., mass flow 
between surface and bulk or mass perturbations beneath the surface. The optimal 
reconstruction is established when the lowest surface energy is reached. In addition, 
the formation of vacancies also causes development of locations filled with certain 
disorder since the evacuation of atoms decrements the quality of crystal lattice. 
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Overall, it can be said that the more vacancies are produced, the higher is the level 
of reconstruction, and the more distorted the structure becomes (Fig. 2.3).

In turn, self-interstitial defect has much less influence on stoichiometry of semi-
conductor materials given that the overall number of atoms within the lattice remains 
unaltered as the changes occur only in their disposition and consequent relocations. 
As for the structural composition, its adjustment is proceeded with very minor 
changes given that self-interstitial atoms cannot cause much deviation of the energy 
within its surrounding near-neighbor atoms. It is explainable by the fact that equi-
librium concentration of self-interstitials is lower than that of vacancies due to 
higher formation energy of the former, and thus in most cases, they are unable to 
contribute for any sufficient reconstruction of crystal lattice if only to initiate large 
distortion. Overall, their influences often are shadowed by that of vacancies [6].

Extrinsic defects These defects have very crucial influence on structural arrange-
ment of host materials as the intrusion of foreign compounds inevitably results in 
breakage of established equilibrium within crystal lattice which requires searching 
of new preferred orientation in order to minimize the newly available free energy. It 
usually occurs via perturbation of surface mass and consequent adjustment of new 
metastable order. Thus, it might lead to increased roughness of surface or appear-
ance of porous structure within the host material or oppositely decreased level. 
Needless to say, by thermodynamic point of view, this process is very similar to that 
which is realized due to formation of intrinsic defects, specifically vacancies. In 
addition, introduction of foreign compounds into semiconductor materials inevita-
bly results in changes of its chemical compositions that often are accompanied by 

Fig. 2.3 SEM images of TiO2 thin films deposited by ALD with thickness of ~22 nm and ther-
mally treated in proper gaseous environment. (a) As-deposited, this sample is determined to be 
amorphous and (b) annealed in air at 500 C; this sample is considered to be a fully stoichiometric 
compound and is regarded as a standard to compare and anneal in hydrogen at (c) 350 °C, (d) 
400 °C, (e) 450 °C, and (f) 500 °C. Hydrogenation was applied to introduce oxygen vacancies 
(VO); the higher the temperature of the treatment, the more VO are created. (g) Corresponding XRD 
pattern of these samples. The inset is the enlargement of a major anatase peak of TiO2. (Adapted 
from Ref. [5] with permission from Elsevier. Copyright 2015)
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undesirable and desirable shift in stoichiometry. It is usually proceeded via two 
scenarios which are described as follows, respectively: The first one refers to nucle-
ation and growth of a new phase within host materials associated with various tran-
sitions due to poor solubility of doped element. It causes overall deviation of its 
composition which consequently becomes transformed into a new compound, 
whether partially of fully. For metal and oxide-based dopants due to their limited 
solubility, these adjustments and further reconstructions might be more pronounced 
than that which occurs with the use of non-metal elements. Thus, too high fraction 
of introduced metal-based element is more relevant for achieving alloying rather 
than to realize adequate doping process even though the former term is more adapted 
for metals and less for semiconductor materials. For instance, filling of TiO2 with 
4% of Ni or 6% of Fe results in transformation of this binary compound into ternary 
one in the form of NiTO3 and FeTiO3, respectively [7]. To make the metallic dopants 
become soluble in absolute or close to it terms, so that they could become the part 
of chemical composition in host material, thus playing the role of substitutional or 
interstitial defect, the second scenario is usually implemented. It requires the use of 
their much lower concentration to reach it. For instance, to produce (Z1-xOAlx) solid 
solution, it was reported that presence of Al with only ~2% is enough [8]. In turn, 
non-metal doping is almost always realized via second scenario as it rarely causes 
the appearance of new phase or development of unexpected configurations or com-
pounds within the target material even at extremely high accumulation and assem-
blance. As an example, Ng et al. [9] investigated nitrogen-incorporated ZnO with 
atomic fraction of doping up to 30%, and it only led to detection of chemical com-
position in the form of ZnO1-xNx due to replacement of oxygen by diffused N ions, 
while no additional external phases were discovered.

For its part, doping also can be used to create intrinsic defects in the target mate-
rials. It is usually proceeded via two routes. One of them is related to charge accu-
mulation and compensation processes as introduction of aliovalent dopants increases 
the concentration of defects with opposite charge in order to maintain already bro-
ken electrical neutrality [10]. This process satisfies so-called first law of doping 
[11]. As for another route, it is referred to as consequent reconstruction and adjust-
ment of crystal lattice structure as introduction of foreign atoms into target material 
often leads to appearance of additional stress within host crystal lattice given differ-
ences in atomic radii between two compounds. Hence, to release it, and to compen-
sate energy deviation, formation of vacancies is highly required [12].

Several words also should be said about influence of both types of point defects 
on electronic structure of the material where they are introduced. Intrinsic and 
extrinsic defects equally enable to increase the concentration and mobilities of 
charge carriers with n-type and p-type characteristics, whether in separate or com-
bined accounts, thus leading to strengthening of original conductivity or creating its 
transition. It also can cause the formation of additional mid-gap levels within the 
band gap that contribute to more effective transitions and positioning of charge car-
riers and also provide effective tool to control their presence and availability by 
changing the level of Fermi energy. In addition, some of these defects within certain 
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limits of their presence, distribution, and other related characteristics enable to shift 
valence or conduction bands up and down, respectively, thus lowering the band gap 
of material and making it more suitable for absorption of visible light.

However, apart from the advantages which both types of point defects can initi-
ate, their presence also is associated with appearance of certain drawbacks that 
negatively influence abovementioned improvements. For example, doped elements 
that have been introduced via improper synthesis route or post-synthesis treatment 
protocol might become itself an additional unexpected new phase, as it was men-
tioned above, which have different types, concentrations, or mobility of charge car-
riers, thus, to be less conductive and even represents insulator characteristics. In this 
case, it is considered not as dopant but rather as unwanted impurity that seriously 
limits effective transfer of photo-induced electron and holes toward the surface. By 
turns, intrinsic defects such as vacancies can serve as trapping centers for charge 
carriers with both signs accelerating their recombinations. For better clarification, 
each type of point defects is discussed below in more precise details with special 
emphasis on their origin and classification.

2.3.3  Intrinsic Defects

2.3.3.1  Anion Vacancies

As relatively low formation energy is required for their formation, to introduce anion 
vacancies is much easier compared with that of cation vacancies. Generally speak-
ing, as these defects are considered to be low-valence and electron-abundant centers, 
their presence can effectively modify electronic structure, energy band configura-
tion, and optical properties of target materials increasing its usefulness and practica-
bility as photocatalysts [13]. Among several types of anion vacancies reported in 
literature, oxygen vacancies (VO) have been implemented and studied most exten-
sively given that a sufficient part of semiconductor materials applied in solar light 
processing represents metals oxide. In addition, other anion vacancies such as nitro-
gen, carbon, and sulfite vacancies have very high resemblance with VO in terms of 
structural and electronic particulates. Thus, the main focus in this chapter is given to 
understanding of VO which is accounted as projection of typical anion vacancy.

Considering various semiconductor oxides, it might become obvious that Ti-, 
Zn-, and Fe- based structures are one of the most utilized compounds that are used 
for VO-associated photocatalysis. The evacuation of oxygen atoms from their crystal 
lattice causes the breakage of energy equilibrium which needs to be compensated by 
two processes. Firstly, there is a filling of generated vacancy spot with electrons 
whose localizations are supported by Madelung potential. It prevents them to be 
equally spread around the crystal lattice [14]. Secondly, to compensate the disrup-
tion of total free energy within the system and to minimize its value, the neighbor-
ing atoms are required to relax their positions with respect to the newly formed 
vacancy and to accept more advanced arrangement. It allows to strengthen and 
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stabilize their linkages with the rest of crystal lattice at a certain extent and to cover 
the disappearance of one of their bonding [15]. It should be noticed that formation 
of VO often cannot be considered as a single process since metal atoms which sur-
round it can also be reduced and transformed into interstitial compounds due to 
decreased number of chemical bonding or accepted electrons. It happened, for 
example, in TiO2, where Ti4+ can easily become Ti+3 as a result of oxygen deficiency. 
In fact, its presence in quantitative terms can even follow the concentration VO at a 
certain yet very specific range [16].

There are several factors which influence the formation and specific patterning of 
oxygen vacancies within the material. One of them is related to preferred orienta-
tion of the crystal lattice as even within the same oxide material due to the presence 
of facets with different crystallographic directions, the arrangement of atoms which 
surrounding VO might have some particularities. As an illustration, Li et  al. [17] 
investigated BiOCl with two contrasting surfaces such as close packed [001] and 
open channel [010]. It was revealed that appearance of VO in the former resulted in 
its bonding to two Bi2+ and four O atoms with the changed of Bi-O bond length from 
2.28 to 2.36 Å. In contrast, oxygen vacancies created within [010] facet were con-
nected to three Bi2+ and two Cl. Thus, Bi-O and Bi-Cl bond lengths were changed 
from 2.39 to 2.33 Å and 2.93 to 2.82 Å, respectively. Besides, the release of elec-
trons from defective BiOCl [010] could be proceeded much easier as it requires 
overstepping lower-energy barrier than that of BiOCl [001]. It is a highly important 
discovery as electrons play an essential role in light-induced oxidation reactions. In 
turn, it was also realized that orientation of crystal lattice can as well be used to 
control the concentration and distribution of produced anion vacancies. For instance, 
Li et al. [18] investigated the presence of VO in ZnO synthesized with different ratios 
of polar [002] and nonpolar [100] crystallographic planes and established that 
“samples with large polar planes generally contain more oxygen vacancies.”

Moreover, anion vacancies might have a profound effect on adjusting the band 
structure of the host material. Their formation often is accompanied by the appear-
ance of mid-gap states whose existence allows the use of photons with energies lower 
than actual band gap. Thus, the excited electrons can jump between these levels as a 
step to travel from the valence to conduction bands. Due to this, defective semicon-
ductors materials can show shifting of absorption edge toward visible spectra which 
often can be detected even by naked eyes as it is correlated with change of its color. 
For example, TiO2 is a white color compound which, however, becomes black with 
the presence of VO [19] (Fig. 2.4a, b). A similar effect is also observed in ZnO where 
introduction of VO changes original color from white to black too [20] (Fig. 2.4c).

2.3.3.2  Cation Vacancies

Cation vacancies is another type of intrinsic defects which is widely investigated in 
terms of their application to improve the photocatalytic activity of semiconductor 
materials. However, given their formation which requires more utilization of higher 
energy compared with that of anion vacancies and also considering better stability 

2.3 Point Defects



48

of this type of defect within crystal lattice of host materials [21] as to modify or 
remove them the access to very specific synthesis or treatment protocol is required, 
there are still some existing challenges in reaching precise control over their manip-
ulation and characteristics. In fact, it is much easier to create conditions during 
experimental procedures which favor the formation of anion vacancies such as oxy-
gen deficiencies in TiO2 and ZnO or nitrogen deficiency in Ta3N5 rather than gener-
ating Ti and Zn vacancies or Ta vacancies, respectively. Yet, apart from differences 
in synthesis, the processes which occur inside the materials during formation of 
cation vacancy and have impact on its properties and features are very similar to 
those assigned for the appearance of anion vacancy with only small correction: that 
its electronic structure allows to identify it as rather acceptor-like defects. For exam-
ple, taking ZnO as illustration, it can be said that evacuation of Zn atom leads to 
binding of localized hole to each of the four nearest-neighbor O ions which are 
inevitably accompanied by their consequent relaxation in order to adjust symmetry 
according to new arrangement.

Fig. 2.4 (a) Photographic images of P25 (commercial TiO2 nanoparticles composted of anatase 
and rutile phases) treated under hydrogen for 0–20 days at 35 bar hydrogen atmospheres at room 
temperature and (b) corresponding UV-vis spectra. (Reprinted from Ref. [19] with permission 
from The Royal Chemical Society. Copyright 2019) (c) UV-visible reflectance spectra of pristine 
and hydrogenated ZnO nanoparticles. (Reprinted from Ref. [20] with permission from The Royal 
Chemical Society. Copyright 2014)
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Following it, one might realize that cation vacancies could be used to change the 
type of dominated charge carriers as often their extended introduction in n-type 
materials, which in fact represents the majority of applied semiconductor photoca-
talysis, is associated with the conversion of their conductivity toward p-type. For 
example, this concept was perfectly confirmed by works of Wang et al. [22] and Pan 
et al. [23] who demonstrated that generation of Ti and Zn vacancies in TiO2 and 
ZnO, respectively, resulted in highly effective n → p transition. Moreover, if anion 
vacancies are also co-presented in material beyond reasonable limit, i.e., with con-
centration higher than those required for equilibrium existence, thus, given their 
generally accepted donor-like characteristics, it becomes possible to create highly 
localized and clearly distinguished and confined domains filled with only particular 
type of defects which establish their prevailed type of conductivity. For instance, 
Gurylev et al. [24] applied this principle through formation of intrinsic p-n homo-
junction within ZnO thin film whose realization was achieved by controlled co- 
existence of zinc and oxygen vacancies, respectively. This structure can be regarded 
as very perspective for photocatalytic application since it does not require utiliza-
tion of additional materials or compounds neither application of external sources to 
be fabricated. However, to make the appearance of this geometry become available 
in other binary semiconductors, both cation and anion vacancies should be shallow 
rather than deep defects which means that positions of their mid-gap energy levels 
are supposed to be developed in very close distance to the conduction and valence 
bands [6]. Only in this case, these vacancies enable to produce electrons and holes 
to contribute for transition of conductivity into the opposite type. Otherwise, they 
only serve as compensation center for strengthening corresponding original n- and 
p-type conductivities, respectively.

It is however often the case that cation vacancies might negatively impact the 
properties of target material as it is very different from that of anion vacancies which 
mostly are considered to be a positive contribution to the host material. It can be 
explained simply by the fact that cation vacancies generally are ascribed to the 
absence of metal atoms from the crystal lattice which, in fact, results in degradation 
of the so-called overall metallic portion. The resulting structure begins to show 
more insulating characteristics which are associated with worsening of charge 
transportation properties and other related phenomena. For example, Stampfl and 
Freeman [25] investigated introduction of Ta vacancies in TaNx via density func-
tional calculation (DFT)-based simulation model and revealed that “presence of Ta 
vacancies reduces the density of states around the Fermi level” which led to lower-
ing of free elector density and “result[ed] in an increased resistivity and a reduction 
in conductivity compared to stoichiometric TaN.” Thus, it was concluded that 
regions of Ta-deficient structures were primary responsible for the metal-to- insulator 
transition. Experimental evidence obtained by the same group during investigation 
of TaNx grown by high-vacuum sputtering system using different nitrogen pressures 
in order to control its stoichiometry was in line with that conclusion [26].

Thus, combining together both phenomena described above, the introduction of 
cation vacancies inevitably results in appearance of two competing processes within 
the semiconductor material such as increasing of conductivity following the supply 
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of positively (negatively) charged carriers and accompanied transformation into 
more intrinsic form due to lowering of overall metal presence in its structure. It has 
to be noticed that formation of anion vacancies in turn can hardly lead to this phe-
nomenon as changes in their presence generally result only in variation of concen-
tration and mobility of charge carriers within reasonable limits as the material still 
maintains its semiconductor nature even though it might become degenerated.

2.3.4  Extrinsic Defects

2.3.4.1  Metal Doping

Metal doping is a widely applied approach to modify the properties and structure of 
target semiconductor materials. Firstly, it results in increased photonic efficiency as 
the optical response is shifted toward higher wavelength due to appearance of mid- 
gap energy states within the band gap, and secondly, it also can be used to improve 
the separation rate of electron-hole pairs since the equilibrium concentration of 
charge carriers becomes shifted. Besides it, other characteristics such as surface 
area, presence of pores and their dimensions, and reconstruction of morphology 
which have an impact on photoefficiency can also be controlled by the presence of 
these defects. Finally, introduction of dopants whose Fermi levels located close to 
valence or conduction bands of the target semiconductor can be used to increase the 
supply of minor carriers in the form of supplementary holes and electrons depend-
ing on the original type of conductivity in target materials. Thus, it enables realiza-
tion of transitions such as n → p or p → n. This processing is similar to that which 
can be proceeded during utilization of intrinsic defects. Yet, it is incorrect to think 
that these positive changes are very common and unavoidable and simply can be 
connected to doping with all metallic compounds. In fact, it is often the case that 
metal ions are introduced into target materials, even though they have clear cation-
related characteristics, serve opposite role, and result in lowering of charge concen-
tration and mobility, thus acting as electron and hole trap centers. For example, 
Carey and McKenna [27] performed extended DFT calculation and revealed that 
this scenario exactly applies to the mission of V, Sb, and Sn dopants in TiO2, while 
Hf and Zr ions have been determined to be a highly positive inclusion.

Metal elements once presented in semiconductor material can occupy both inter-
stitials and substitutional sites depending on their concentration and natures. It 
results in crucial alteration of crystal lattice due to appearance of significant strain 
caused by doping which consequently initiates structural disorder and degradation 
of crystallinity within semiconductor materials accompanied by the changes in 
chemical composition. Taking ZnO as example, it can be demonstrated that its sub-
stitutional doping occurs once the introduced metal atoms match those of Zn2+ in 
terms of their electronegativity and ionic radius [28]. In turn, interstitial doping is 
achieved if only the ionic radius becomes smaller, while electronegativity remains 
the same level. As for the larger ionic radius and higher or lower electronegativity, 
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even though the doping occurs and the metal ions might take in perspective intersti-
tials positions, it is considered to be a very restricted process due to low solubility 
of dopant in this case. Thus, substitutional doping is more accessible. In addition, 
following Hume-Rothery rule, valences of both doped and host materials are also an 
important factor which needs to be considered as the higher the difference between 
these two values, the more difficult for the introduced foreign atoms to be properly 
resided in target crystal lattice [29]. One should notice that in analogy to Schottky 
defects, cation or anion vacancy might be created due to doping with metals as to 
keep the electrical neutrality. For instance, filling of ZnO with negatively charged Al 
atoms results in appearance of acceptor-like VZn [30].

Solubility of introduced metal atoms in semiconductor is a very important 
parameter that is necessary to be considered. It determines whether it is possible to 
create solid solution in the form of A1-xBCx where AB represents the structure of 
original binary semiconductor and C is a metal atom to be doped. The following 
characteristics can influence the smooth occurrence of this process: size of particles, 
ratio of ionic radius between dopant and doped compound, and the metal oxidation 
state [28]. To be clear, at too high concentration, the metal dopants cannot be fully 
dissolved within the target material, and it leads to lateral segregation of its excess 
volume at the surface [31] and assemblance as external separately localized compo-
sition. Another possibility is that due to low solubility of dopant, it can result in 
arrangement of ternary phase which is completely different from that of binary one 
and is considered as newly created compound with totally different properties and 
characteristics. For example, synthesis of ZnO doped with only 1% of Fe results in 
appearance of small fraction of ZnFe2O4 compounds within it whose presence as 
neighbor becomes higher with increased concentration of Fe in ZnO and reached 
almost 50% at doping with only 10% of Fe [32]. Thus, importance of solubility in 
utilizing proper concentration of introduced atoms to realize correctly proceeded 
metal doping cannot be overestimated.

Several words need to be said about the specific influence of extrinsic cation 
deficiency on particulate semiconductor materials such as TiO2, ZnO, Ta3N5, WO3, 
Fe2O3, etc. which are widely investigated as great candidates for various photocata-
lytic processes mentioned in Chap. 1, yet their efficiencies are much lower than that 
of expected ones due to wide band gap, high charge recombination rate, etc. Doping 
with metal atoms can be considered as a great pathway to sufficiently improve their 
already existing properties or cause the appearance of new and extraordinary yet 
highly desirable characteristics which can be used to serve as sufficient contribution 
to their photoefficiency. For example, anatase form of TiO2 is more effective in 
light-induced reactions than that of rutile yet thermal annealing with temperatures 
over 600 °C results in phase transformation which means that, for example, applica-
tion of post-synthesis treatment to increase the presence of oxygen vacancies might 
be very challenging. Doping with metal ions such as Zr4+ which substitutes Ti4+ can 
stabilize the anatase phase at high temperatures making its transition into rutile to 
become more difficult [33]. Accordingly, it was also reported that metal doping in 
the form of Nb atoms can be used to adjust the crystal phase and morphology of 
synthesized TiO2 without additional treatment protocol [34] (Fig. 2.5). Simply put, 
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low niobium concentration enables to form one-dimensional rutile nanorods, while 
increase of its presence leads to synthesis of two-dimensional anatase nanosheets. 
Also, apart from governing the properties and characteristics of target material 
which has direct influence on the efficiency of photocatalytic reaction such as band- 
gap width, optical absorption of visible light, or improved charge separation rate, 
metal doping can also be used to solve other less discussed problems which how-
ever also at certain extend might influence the photocatalytic efficiency. For instance, 
Ta3N5 suffers from low photocorrosion and thus show reduced applicability to pro-
ceed solar-based reactions for extended time. Doping with Mg is a great approach 
in facing this problem as in addition to “unprecedented PEC water splitting activ-
ity,” the Mg-Ta3N5 also demonstrated stable performance for over 1 h [35].

Thus, metal doping is a very effective technique to enhance the performance of 
photocatalysis. Yet, due to the problem of low solubility, inability for doped element 
to properly match the lattice structure of host materials following the difference in 
ionic radius or other reasons, and high possibility to co-form various intrinsic 
defects for covering thermodynamic loses of equilibrium, this approach has certain 
limitations in choosing the correct metal element to be applied as effective dopants. 
Nevertheless, continuous efforts are still in progress.

2.3.4.2  Non-metal Doping

One of the first report which demonstrated that doping with non-metal elements is 
an effective strategy to extend the photocatalytic activity of the target semiconduc-
tor materials is referred to the work of Asahi et al. [36] who used nitrogen atoms to 
modify the structure of TiO2 in order to make it sensitive toward absorption of vis-
ible light. Following it, this approach became a very popular topic toward applica-
tion in various semiconductor materials as it provides promising results regarding 

Fig. 2.5 (a–d) Morphological and structural information of Nb-doped TiO2 nanostructures and (e) 
corresponding XRD pattern. (Reprinted from Ref. [34] with permission from The Royal Chemical 
Society. Copyright 2015)
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the improved outcome of photocatalytic reactions. Doping with anion elements is 
mostly referred to their replacement of non-metal atoms in target material. For 
example, in the case of ZnO, introduction of nitrogen, sulfur, carbon, or any other 
related elements results in their substitution of oxygen atoms. Thus, the finalized 
solid solution is usually presented in the form of ZnO1-xNx where N represents the 
dopant. As can be seen, it is very similar to that observed during metal doping with 
the only difference being oxygen its substitutional element. Definitely, residence of 
anion elements in target material also can be proceeded as interstitial defects, yet it 
is a rather rare and less investigated phenomenon. Nevertheless, a more detailed 
discussion about it is provided below. It has to be noticed that screening through 
literature might arise conclusion that some non-metals have very poor solubility in 
semiconductor. Thus, to achieve their homogeneous distribution within whole body 
of target materials, their relatively high concentration or utilizing special treatment 
is required. For example, to realize nitrogen incorporation into TiO2 thin film, 
Franco et al. [37] used doping concentration of ~18% which is much higher than 
that mentioned above for the employment of metal elements. At these conditions, 
the only observed phase was attributed to the slightly modified TiO2. Yet, this 
scheme provides certain difficulties toward its proper implementation and also 
requires to utilize huge amount of chemicals. Thus, it is suggested that applying 
non-metal doping as only to assist in modifying the surface of semiconductor since 
it is usually realized at its lower concentration might be a more attractive option. In 
this regard, higher flexibility in controlling the parameters of this process including 
solubility and distribution and also the presence and behavior of introduced atoms 
as their formation in bulk is neglected can be achieved. It is especially important 
given that photocatalytic processing is usually occurred via surface reaction, and 
thus its current conditions and states play a crucial role in governing it. For instance, 
Feng et al. [38] reported that doping with only 2–3% of boron was enough to create 
B-doped TiO2 with sufficient amount of B atoms residing on the surface. In turn, it 
also can be accomplished by employment of non-metal dopant in the form of solid 
compound and applying certain thermal treatment to activate its diffusion. 
Particularly, Gurylev et al. [39] reported that during deposition of TiO2 on the sur-
face of carbon nanotubes (CNTs) and consequent annealing at moderate tempera-
tures, the intrusion of carbon atoms into the surface of former compound was 
observed leading to their substitution of oxygen species and formation of Ti-C bonds.

In order to make extrinsic anion defect become perfectly coupled with target 
materials, it is important to reach the balance arrangement within it in the absence 
of much degradation in surrounding crystal lattice and consequent appearance of 
disordering [40]. This task is much easier to achieve than in the case of previously 
discussed cation doping as non-metal chemical elements which are used for this 
purpose mostly represent the first row in the periodic table that have relatively small 
atoms, especially in their neutral form. It allows them to effectively diffuse through 
the lattice of target material and later become bonded to atoms in regular arrays 
through residing in interstitials or substitutional positions. From the structural point 
of view, the latter type of defect requires less adjustments and relaxation of sur-
rounding neighbors than that of the former one as it only results in elongation of 
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newly established bonds with nearest metal atoms in crystal lattice of semiconduc-
tor. For instance, doping of TiO2 with substituted carbon leads to appearance of Ti-C 
bonds (2.008 and 2.217 Å) with length slightly different from that of the original 
Ti-O bonds (1.942 and 2.002 Å) [41]. Thus, it is a more applicable process, and 
most of the reports regarding non-metal doping demonstrate the formation of this 
type of defect. In turn, foreign atoms at the interstitial position are supposed to 
establish new bonding with nearest anion atom in periodical array in order to 
become full member of crystal lattice as what happened, for instance, in the case of 
nitrogen-doped TiO2 which demonstrated formation of -N-O bonds [42]. The 
appearance of this type of defects is reported to a lesser extent.

It is also important to discuss the electronic nature of both types of non-metal 
defects and their influence on the transport characteristics of charge carriers. To 
make this discussion more illustrated, TiO2 is considered as an example given that 
this material is the most widely applied photocatalyst [43]. For a particular dopant 
element such as B or C, the DFT simulation discovered that substitutional species 
(with respect to O atoms in TiO2 lattice) are supposed to proceed self-reduction as 
they grab non-excited electrons residing in valence band, while interstitial species 
are found to be oxidized since they donate electrons to nearest-neighbor Ti3+ species 
[43]. Overall, the resulting mid-gap energy states appearing in the band gap of the 
materials in association with each of these defects represent, therefore, very distinct 
particularities. Firstly, their existence are determined by the electronegativity of 
introduced anion elements as it should have this value lower than that of oxygen 
[44]. Secondly, substitutional dopants have strong acceptor-like characteristics as 
the resulting mid-gap states usually locate near the valence band. Thirdly, the inter-
stitial dopants initiate the appearance of donor-like features in the material since 
they create mid-gap states that lay higher in band gap and also often are accompa-
nied by the formation of various intrinsic defects which have positions of their 
energy levels close to the conduction band [43]. Experimental evidence available in 
literature generally support this conclusion. For example, Peng et al. [45]. investi-
gated TiO2 doped with nitrogen and determined that mid-gap levels created by its 
atoms residing at substitutional and interstitial sites are located at 0.14  eV and 
0.73 eV, respectively, from the maximum of valence band. Based on this descrip-
tion, it should be noticed that when both types of defects are simultaneously intro-
duced into the material, they might involve into intensive interaction with each other 
which eventually leads to changes in charge transfer, and thus it contributes to their 
additional stabilization [43]. Yet, it is a very rare phenomenon as their co-existence 
can be realized only during very particular synthetic conditions and highly specific 
treatment protocol. For instance, Di Valentin et al. [41] investigated TiO2 via DFT 
simulation and revealed that application of oxygen-poor conditions can favor the 
inclusion of C atoms in positions normally occupied by lattice O, i.e., substitutional 
defects. In this case, the formation of oxygen vacancies is highly necessary as their 
presence reduces the overall energy cost of this processing. This mechanism, in fact, 
also can be applied to other non-metal elements such as nitrogen of sulfide [43]. In 
turn, a stoichiometric TiO2 sample whose existence satisfies fully oxidizing 
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surrounding environment enables managing the residing C atoms in both interstitial 
and substitutional positions at once [41].

Thus, given that introduction of non-metal elements into semiconductor material 
is usually proceeded in oxygen-poor atmosphere or within the environment which 
only support its limited supply such as thermal treatment in gaseous ambient, vapor- 
phase synthesis, bombardments with high-energy particles or the growth in chemi-
cal solution filled with proper anion compound, etc., it results in dominated 
formation of substitutional defects over that of interstitials. However, it cannot be 
considered as optimal choice since non-metal compounds residing in interstitial 
positions might induce better photocatalytic efficiency of wide band-gap materials 
under visible light compared with that of substitutional which can be explained by 
higher position of their mid-gap states within band gap [45]. Yet, to make these 
defects become the dominated type, application of special treatment is required.

2.4  Line Defects

Viewing with the naked eye the surface of a single crystal that has a metallic nature 
would reveal a very clear and smooth structure with the absence of any imperfec-
tions or defects. Once we use optical microscopy and apply certain magnification, it 
becomes evident that the surface in fact is very populated. It exists in the form of 
granular composition filled with regions of separated crystallinity that are confined 
by highly distinguished boundaries. These boundaries are called dislocations, and 
they represent one-dimensional or line defects [46]. For simplicity, dislocations are 
ascribed as a sudden abruption of atomic periodic array along their continuous 
extension. Occurrences of these defects usually are proceeded in two cases, firstly, 
if the crystallographic plane represents incomplete row of atoms and becomes 
stressed between two absolutely perfect planes and, secondly, if distribution of 
vacancies is realized in single and focused direction following the orientation of 
periodic arrangement. This type of defect can easily move within crystal lattice, and 
this process is usually accompanied by the appearance of a phenomenon called a 
slip which represents a sliding of atomic planes. The slip can occur in both horizon-
tal and vertical direction which makes it called a glide and climb, respectively. In 
this regard, a dislocation may be defined as a line that forms a boundary within a slip 
plane separating a region that has slipped and the one that is remained preserved. It 
is generally accepted that vacancies are required to be presented in crystal lattice as 
their diffusion sufficiently facilitates the motion of dislocation. Furthermore, with 
vacancy concentrations far from equilibrium, the resulting dislocation motion can 
cause the increase of their presence as more incomplete crystallographic planes are 
formed via activation of Bardeen-Herring sources [47].

Dislocations occur in high densities and traditionally are considered to be the 
main contributor to almost all mechanical properties of material. Their formation is 
usually achieved via plastic deformation and phase transformation such as solidifi-
cation or as a result of thermal stresses caused by rapid cooling. Dislocations are 
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characterized by Burger vector which is determined as a benchmark of the lattice 
distortion caused by the introduction of these defects. It also can be used to show the 
amount and direction in which the slip occurs due to their movement. Overall, there 
are two types of dislocations which can be observed in materials, namely, edge and 
screw dislocations. Both of them can be ascribed by Burger vector, which is parallel 
and perpendicular, respectively, to their dislocation line. Their existence as sepa-
rated species are very limited as most dislocations are present in the assembled 
form. More details regarding these types are given below.

Edge dislocation An edge dislocation which also sometimes is called as Taylor- 
Orowan dislocation represents a defect that occurs when an extra plane(s) of atoms 
is inserted into the regular crystal, disturbing nearby atomic planes. In this regard, 
atoms above the dislocation line become squeezed together which is equaled to state 
of compression, while atoms below are forced to be apart which is correlated with 
application of tensile stresses. Following it, edge dislocation is regarded as positive 
and negative when compressive stresses present above and below the dislocation 
line, respectively. Yet, it should be noted that differentiation between two disloca-
tions is very formal as simple rotation of the crystal to 180° either clockwise or 
anticlockwise transforms a positive dislocation into a negative one and backward.

Screw dislocation A screw dislocation which is also called sometimes as Burger 
dislocation represents more complicated nature than that of edge dislocation. It can 
be illustrated by cutting a crystal along a plane and shearing its upper front portion 
by one atomic distance to the left (or right) with regard to the lower front portion. 
The designation “screw” for this defect is considered from the fact that lattice planes 
of the crystal spiral the dislocation line (inner part of cut) [48]. This type of disloca-
tion also can have positive and negative directions which are equal to lattice spirals 
of upper part in right-hand and left-hand fashions, respectively. A screw dislocation 
has an absence of preferred slip plane compared with that of edge dislocation and 
thus can perform cross-slip via transferring into another plane due to local stresses 
thus realizing non-planar movement. Yet, screw dislocation cannot climb, as it is 
adopted only for horizontal move and it makes their spreading around crystal lattice 
more limited than that of edge dislocation which, in turn, is opened for movement 
toward both vertical and horizontal directions [49].

It should be mentioned that a dislocation cannot be restricted by the position only 
within the materials inside. This is because a dislocation is an example of the bound-
ary between a slipped area and non-slipped area as it was mentioned above. If the 
slipped area does not spread up to the surface of materials, then its boundary 
becomes continuous, and the dislocation is transformed into a closed loop. Only 
when the slipped area extends to materials surface is it possible for a single disloca-
tion to have a point where it has ended [48].
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2.5  Planar Defects

Planar defects are considered as imperfections with a thickness of only several 
atomic layers whose existence and continuous evolution within the material are 
enveloped and restricted by the presence of nearest-neighborhood perfect crystal-
line structure. There are existing internal and external planar defects classified as 
follows: grain boundaries, stacking faults, and gain interfaces are referred to the 
former type, while surfaces are ascribed to the latter type. The existence of these 
imperfections cannot be considered as thermodynamically favorable since they rep-
resent meta-stable states similar to that of dislocations. Their appearance are deter-
mined by the assemblance of the line defects into a two-dimensional structure [50]. 
Each type of planar imperfections is briefly described below.

Grain boundaries Grain boundaries represent the interface between two single- 
crystal grains which possess different crystallographic orientations. The normal 
atomic bonding that is used in grains is less applicable within the range of grain 
boundary as more loosely bound atoms prevail at this region which makes them 
more energetically active compared to those located within the grain interior. As a 
result, the grain boundary becomes a heterogeneous region where various atomic 
reactions and processes related to movement and transformation of atoms such as 
solid-state diffusion, phase transformations, impurity segregation, mechanical 
relaxation, etc. are more favorable to be developed from thermodynamic position 
[51] (Fig. 2.6a). In addition, grain boundaries cause very serious scattering of elec-
trons which negatively affect their transport characteristics and also critically 
degrade the overall conductivity. Overall, it might lead to the increase of charge 
recombination in semiconductors [52]. Grain sizes in nanoscale materials such as 
thin films are typically in the range of ~1 μm and are much smaller than common 
grain sizes which existed in their bulk counterparts [53] (Fig.  2.6b). Thus, it is 
expected that the former ones tend to have higher reactivity as photocatalysts than 
that of the latter ones.

Several words need to say about special type of gran boundaries which is called 
a twin boundary. It represents highly defined lattice symmetry where atoms on one 
side of the boundary are arranged in mirror-image positions with respect to atoms 
on the other side. The grain which is “squeezed” between these boundaries is appro-
priately determined as twin. The appearance of this structure results from atomic 
displacements which are produced due to applied mechanical shear forces (mechan-
ical twins) and also during annealing or heat treatments that follow the deformation 
(annealing twins) [54].

Stacking faults Stacking faults are anomalies in the stacking sequence of crystal 
planes that abrupt the continuity of a perfect lattice [55]. They can be easily illus-
trated taking silicon film [111] and particularly its first several atomic layers as an 
example. Each of these planes is considered to be a close-packed array filled with 
atoms, and each successive layer fits into the interstices of the previous layer. Thus, 
atoms in the second layer (B) are supposed to nest in one set of interstices of the first 
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(A) layer, while atoms in the third layer (C) perform the same action with interstices 
of the second layer. In this case, a perfect structure in the form of ABCABCABC is 
preserved. If, however, a plane of atoms is missing from the normal sequence, e.g., 
ACABCABC, or a plane of atoms has been inserted ahead of its order, e.g., 
ABCBABCABC, it is called a stacking fault defect [56]. Their appearances are a 
very common phenomenon during epitaxial growth of semiconductor films as it is 
hard to proceed correct and consistent filling of atomic layers given non-equilibrium 
conditions and high temperature used during this process. For example, Yang et al. 
[57] identified that stacking faults are the dominant defect in the annealed ZnO thin 
films grown on c-plane sapphire by atomic layer deposition.

Phase interfaces Phase interfaces which also sometimes are called as phase bound-
aries are the junction of two crystals within the materials which have certain differ-
ences in lattice structure and composition [58]. One of particularities identified with 
regard to this type of defect is that its position has a high level of migration since it 
follows the development and transformation of relevant phases. For example, Li 
et al. [59] investigated reduction of CuO into Cu2O via thermal treatment in vacuum 
at temperatures up to 670 °C and discovered that level of oxygen out- diffusion con-
trol the movement of phase boundary between two compounds, and thus it can be 
used to adjust the presence and distribution of Cu2O grains within the CuO matrix.

Surfaces These defects also can be called as “free surfaces “or “external surfaces” 
since they represent the most top atomic array of any solid compound. To be clear, 
the arrangement of atoms at the surface in most solids always has certain differences 
and mismatches in atomic configuration compared to that of the bulk. It is explained 
by the fact that surface atoms only bonded in one side; thus, they have similar crys-
tal structure but at a slightly different lattice parameter than the atoms located 
deeper. For example, Gallego et al. [60] investigated Pt (111) and revealed that the 
first and second topmost surface layers exhibited an expansion and contraction, 

Fig. 2.6 (a) Microstructure of a 1-mm-thick copper film after removal of the native oxide by FIB 
(focused gallium ion beam) sputtering. (b) Grain size as determined from FIB cross sections as a 
function of film thickness. (Reprinted from Ref. [53] with permission from Taylor & Francis. 
Copyright 2012)
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respectively, within the same value of 0.9%. Yet, it has to be noticed that this analy-
sis was performed in deep vacuum at a pressure of ~3 × 10−10 Torr. In a typical 
condition, the structure of free surfaces is much complicated due to various pro-
cesses such as chemical changes within the top of atomic plane due to exposure to 
air, presence of dangling bonds, adsorption of certain species such as oxygen and 
nitrogen, and also contamination which cannot be avoided. Overall, it increases the 
difference between arrangement of atoms allocated on the surface and in the bulk.

2.6  Volume Defects

Apart from abovementioned defects, other imperfections exist in all solid materials 
which are much larger in size and therefore sometimes even called bulk defects. 
They are classified as precipitates, dispersants, inclusions, and voids [61]. 
Precipitates are assemblance of impurity atoms or accumulated elements that intro-
duction into target materials is proceeded via solid-state reaction. They contribute to 
increasing its strength as they sufficiently decrease the migration of dislocation act-
ing as barrier for the movement. The efficiency of precipitate is determined by its 
size, concentration, and distribution within crystal structure of materials as well as 
elemental composition. Dispersants take role of the second phase which is intro-
duced into the materials to accurately tune and adjust the behavior of primary phase. 
They are presented as large particles with sizes ranging from 10 to 100 μm. It has to 
be noticed that properties of this multiphase structure such as thermal and electrical 
conductivities are usually considered as a combined average of properties associ-
ated with each phase. Inclusions are foreign particles or large precipitations and are 
considered to be undesired features whose intrusion and consequent presence 
decline useful features of materials. For example, dust and dirt negatively influence 
the fabrication of nanoelectronic devices as they prevent proper transportation of 
charge carriers. Thus, this type of defect should be avoided. Voids appear due to 
vacancy aggregation or existence of gas bubbles which are trapped during solidifi-
cation. These defects have highly negative effects on the characteristics and perfor-
mance of materials. For instance, due to them, the mechanical strength becomes 
weaker [61, 62].

2.7  Defects in Semiconductor Nanomaterials: 
Current Progress

2.7.1  General Methods to Produce Defects

In this chapter, only methods which are used to form point defects since are demon-
strated since presence of their other types such as line, planar, and volume is more 
appropriate for metallic compounds and less observable and applicable in 
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semiconductor materials. Thus, for more detailed information regarding their 
appearances, it is suggested to request proper literature. Point defects as mentioned 
above can be categorized into intrinsic and extrinsic types, and methods used to 
synthesize them in most cases are relatively similar. The only difference is that to 
create intrinsic deficiency, it is required to realize conditions which favor the ejec-
tion of certain portions of original atoms from the structure, while for the extrinsic 
deficiency, oppositely, the surrounding should serve as a source of foreign atoms 
that are required to be introduced into the materials. Thus, each fabrication tech-
nique has a very peculiar and specific adjustment regarding some of its parameters 
as to make it become suitable for formation of each types of defects. Below, some 
of them are discussed briefly as to get general acquaintance and to provide very 
basic ideas about their processing. As for the more detailed description, it can be 
accessed in the proper sections of this book as to follow each particulate material 
and its unique characteristics.

Vapor-phase techniques Vapor-phase techniques include mostly chemical and 
physical- vapor deposition synthesis that are widely applied to create nanoscale 
defective materials since both of them are considered as bottom-up approaches 
which allow to achieve precise accuracy. For instance, to introduce intrinsic defects, 
it is enough to decrease the content of proper gaseous precursors to be supplied into 
the reaction chamber. It can be realized, for example, simply by reducing its pres-
sure or concentration. Subsequently, newly arrived atoms cannot fully fill the peri-
odic array within the crystal lattice of fabricated materials, thus, leading to 
appearance of vacancies. As an illustration, Heo et al. [63] demonstrated the appli-
cability of this approach to generate oxygen- and zinc-deficient ZnO using 
molecular- beam epitaxy. Definitely, other parameters of vapor-phase synthesis also 
can be employed to proceed required changes in stoichiometry such as temperature 
of reaction, type of substrate, etc., yet it is less influential and controllable compared 
with the effects created by playing with precursor characteristics and more appli-
cable for very precise tuning of various features in already created defects. In turn, 
this synthesis route can be utilized to produce extrinsic deficiency that is ascribed 
via doping with required elements simply by allowing them to access the reaction 
chamber as one of precursor or through addition to original ones and thus been 
allowed to participate chemical or physical reactions assisting in material fabrica-
tion. It is especially important to notice that metal elements which are supposed to 
serve as dopants should be presented in the form of vapor-phase that is achieved 
usually via application of high temperature during synthesis and consequent evapo-
ration or through using them in the form of preliminary prepared gaseous chemical 
compound. For example, Potter et al. [64] applied additional supply of aluminum 
chloride at temperature of 450 °C to create Al-doped ZnO thin film via CVD.

Chemical methods These methods include various fabrication strategies where 
certain substances and compounds are combined together via specifics chemical 
reactions to be served as building blocks leading to fabrication of target materials. 
These reactions are usually proceeded at the conditions which cannot be called as 
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extreme as there is no need to apply high temperatures or use, for example, special 
gas ambient. The resulting product is usually presented in the powdered form that at 
higher magnification might be identified as various complex 1-D and 3-D and sim-
pler 0-D and 2-D structures as well as their combinations and derivatives. Overall, 
these chemical methods include but are not limited to the followings approaches: 
solgel synthesis, hydrothermal method, precipitation, and co-precipitations meth-
ods, spray-pyrolysis method, etc. Thus, to create intrinsic deficiency, it is generally 
proceeded via inclusion of certain chemical compound into reaction solution that 
might serve as electron or hole donors depending on the desirable goal to create 
anion or cation vacancies, respectively. Control over the time, temperature, and 
other related parameters of reaction as well as concentration of this chemical can be 
used to suppress or oppositely enhance the presence of vacancies in resulted prod-
uct. In turn, to achieve the extrinsic deficiency, it is required that materials which 
serve as doping element is included into synthesis route in the form of chemical 
compound or element to become a part of finalized chemical reactions.

Mechanical synthesis This method is usually realized by application of high- 
energy ball milling (BM) process which demonstrated to be a highly effective and 
simple technique for reaching fabrication of nanocrystalline powders with desired 
specifications. In a BM process, the friction and collision of ball could create tem-
peratures over 1000 °C at a highly localized area of ~1 μm2 within a short period of 
10−3–10−4 seconds [65]. Specifically, to achieve the formation of intrinsic deficiency 
which is mostly proceeded via development of anion vacancies given that their for-
mation requires less energy than that of cation vacancies, it is sufficiently enough to 
just throw the target materials into planetary ball mill and use proper time and rotat-
ing speed of its consequent treatment. As for the extrinsic deficiency, it can be 
reached by additional introduction of required elements into the ball grinder as what 
happened, for example, in a study by Shatnawi et al. [66] where the formation of 
Mn-doped ZnO nanocrystalline particles in the form of Zn1-xMnxO was achieved via 
solid-state reaction by simultaneous milling of both ZnO and MnO powders for 5 h. 
The resulting structure preserved almost similar morphology to that of pristine ZnO, 
yet its optical properties were highly enhanced (Fig. 2.7). It has to be noticed that 
doping with non-metal compounds also can be realized using this technique, yet its 
precursors should be used in a solid form as it was demonstrated by Lu et al. [67] 
who fabricated N-doped ZnO by applying urea (CO(NH2)2) as precursors.

2.7.2  Manipulation and Control of Defects

It is very easy to introduce defects into materials, but to tune and make them to 
become adjusted the way which is necessary to achieve the best performance 
requires application of additional efforts. It can be proceeded usually via two routes 
where one of them is based on manipulating the parameters of material synthesis 
during which the introduction of desirable structural and compositional changes 
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occurs, while another one is attributed to the post-synthesis treatment that in fact is 
more difficult to accomplish since it requires application of additional sources, 
efforts, and energies.

Shifting discussion toward the first route, and taking vapor synthesis techniques 
as example, formation of defects, regardless whether intrinsic or extrinsic, within 
specific and defined concentration can easily be governed by managing the charac-
teristics of used precursors or varying the temperature within the reaction chamber, 
as it was mentioned above. Furthermore, playing with these paraments can also be 
used to adjust other more complicated features of introduced defects such as their 
distribution, migration, and assemblance and also subsequent transformation onto 
more complex and extended forms. For its part, chemical methods provide much 
wider spectrum of tools which can be used to govern the existence of both types of 
defects. For instance, simply by playing with nature of compounds which are applied 
to induce the chemical reaction as well as varying its fraction or operating lower or 
higher temperatures during its mixing, drying, etc. can be considered as a perfect 
pathway to control certain properties of doped atoms or vacancies within the final-
ized materials. As for mechanical synthesis, application of proper conditions for this 
process is also highly crucial to achieve the precise accuracy over presence of 

Fig. 2.7 (a) UV-vis diffuse reflectance spectra for representative samples of Zn1-xMnxO with dif-
ferent percentage of Mn content. The inset shows the broad reflection minima in the visible range 
for the samples with 0.08% Mn. (b) SEM images of Zn1-xMnxO with x  =  0.0 and x  =  0.08. 
(Reprinted from Ref. [66] with permission from Elsevier. Copyright 2016)
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desirable defects in terms of their localized appearances. For instance, Kaftelen et al. 
[68] reported that by employing the freezing conditions of 77 K, it becomes possible 
to reach the generation of ZnO filled with surface and bulk defects, while realization 
of this processing at room temperature led to assemblance of composition where 
bulk defects were dominated. Thus, one cannot say that formation of defects during 
synthesis of materials is a granted and unalterable phenomenon which cannot be 
properly tuned and adjusted. In fact, oppositely, it provides a lot of tools to make this 
process more operational and manageable so that introduction of required changes 
in structure and composition of target materials could follow very specific pathways 
toward achieving their desirable specifications.

The same also can be said regarding application of post-synthesis protocol. For 
instance, utilization of hydrogenation treatment to TiO2 and ZnO is a well-estab-
lished process to create oxygen vacancies. The higher the temperature of treatment, 
the more advanced their concentration becomes, the more uniformly they are dis-
tributed, and the more pronounced the effect on photocatalytic performance [5, 69] 
(Fig. 2.8). In succession, incorporation of foreign atoms into target materials espe-
cially in the form of non-metal elements also can be realized under thermal treat-
ment with proper ambient such as nitrogen or sulfur. By adjusting the flow rate or 
pressure, purity of these gases, and direction of stream, it is possible to determine 
the level of their assemblance and its allocation, i.e., whether on the surface or in 
bulk of target material, as well as tune their concentration and possible interaction 

Fig. 2.8 (a) PL spectra of as-deposited and hydrogenated ZnO thin films. Two-dimensional spa-
tial maps of PL intensities of defect emissions located at 504 nm and 520 nm for ZnO films. (b) 
As-deposited, 504 nm; (c) as-deposited, 520 nm; (d) hydrogenated at 400 °C, 504 nm; (e) hydro-
genated at 400 °C, 520 nm; and (f) intensity ratio of defect emissions (VZn/VO) from (d) and (c). 
(Reprinted from Ref. [69] with permission from the PCCP Owner Societies. Copyright 2016)
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with various intrinsic defects. As for metal doping, it can be proceeded simply via 
placing both materials (the one which is going to be doped and the one which serves 
as dopant) apart inside reaction tube and subjecting it to annealing with accompa-
nied supply of certain ambient into reaction chamber which makes the interaction 
become activated by the diffusion. In fact, this approach has certain similarities to 
that of non-metal doping described above, as it uses solid compound instead of 
gases to develop the incorporation of foreign atoms. By varying the distance at 
which materials are placed into tube, temperature of treatment, its duration, both 
heating and cooling rates, etc., it is possible to govern the doping characteristics 
with very defined accuracy. Yet, one should notice that it is hardly possible to adjust 
the level of solubility within the target materials and thus, even though so many 
parameters can be applied to make the implementation of extrinsic deficiency 
become a smooth process, it is much difficult to reach their high processing effec-
tiveness compared to that achieved during formation of their intrinsic counterparts. 
Overall, this discussion is continued in more precise terms in the following sections 
of this book as to make better apprehension, the association with unique specifica-
tions and characteristics of each particular material is highly necessary.

2.7.3  Materials Properties vs Defect Presence: Positive 
and Negative Sides

The presence of defects allows to govern and manage various properties and fea-
tures of materials so as to transform them into highly reliable compounds which can 
satisfy the strictest requirements to become an efficient photocatalyst. Yet, it is not 
always the case, as incorrect handling of defects and inability to clearly understand 
and adequately control their nature and behavior might become factors which 
restrict the expected improvements since under improper handling, they enable to 
bring clear deterioration of materials properties and degrade its performance. In this 
section, we briefly review what the negative and positive sides are of defect engi-
neering as recognizing them allows to consider what to expect from employment of 
this methodology.

2.7.3.1  Positive Contribution of Defect Engineering

There are a huge number of papers and technical reports appearing in the literature 
in recent years regarding the application of defect-based approach to modify semi-
conductor in order to increase their photocatalytic-related performances. Based on 
this, it is clear that presence of defects can do almost impossible as to make the 
materials which initially was determined to be absolutely unsuitable for 
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solar- induced reaction, in contrary, shows highly impressive outcome. To be more 
specific, defects influence the following characteristics:

Optical properties Defect can decrease the width of band gap by shifting up or 
down the valence and conduction bands, respectively. Another mechanism which is 
responsible for increasing the absorption of photons with energies lower than band 
gap is that both intrinsic and extrinsic defects introduce mid-gap energy states 
within band gap which can be used by electrons as steps to jump from valence to 
conduction band. Finally, the original absorption efficiency can also be improved 
sufficiently as what happened, for example, for TiO2 whose utilization of UV light 
became extended due to the presence of oxygen vacancies on its surfaces [5, 19].

Electrical and electronic properties Defects are usually regarded as belonging 
whether to n-type or p-type conductivities; thus, it is inevitable that their introduc-
tion increases the presence of corresponding charge carriers in the materials via 
rising their concentrations and mobilities and thus enhancing the original conduc-
tivity or realizing its transition into opposite type. Higher availability of charge 
carriers also often leads to improved separation rate which contributed to their 
enhanced transportation characteristics thus allowing them to reach surfaces more 
efficient to activate light-induced reactions with adsorbed molecules. One should 
notice that defects also can assist in extending lifetimes of electrons and holes by 
taking the role of individual trap centers for each of them. More detailed descrip-
tions of these phenomena are provided in other chapters.

Structural characteristics Presence of defects can be used to extend the current 
morphology of materials to the new level, making it more advanced and prosperous 
toward application in photocatalytic processing. For example, the formation of 
surface- located defects results in partial reconstruction of surrounding crystal lat-
tice which causes consequent increase of roughness. It correlated with enhanced 
specific surface area, formation of an additional micro-mesoporous features, and 
better porosity [70]. In turn, doping also can be used to advance the surface charac-
teristics of target materials as what happened, for instance, in the case of Na-doped 
TiO2 [71], where the introduction of this elements at atomic concentration of ~3.9%, 
~7.8%, and ~9.8% resulted in respective improvement of specific surface area, vol-
ume, and diameter of pores. In another side, presence of various elements in the 
target materials can increase its chemical and mechanical stabilities thus leading to 
advancement of overall photocorrosion. It allows to extend the operation under 
light-irradiated conditions toward much longer time.

2.7.3.2  Negative Contribution of Defect Engineering

To be honest, there are much less available reports in recent years which demon-
strated that presence of defects is a very undesirable phenomenon, and it is sug-
gested to be avoided at any cost as they decline most important characteristics and 
properties of materials to some extent. Below are some particular examples pro-
vided and discussed.
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Optical properties Defects enable to increase the width of band gap and conse-
quently shift the absorption edge toward lower wavelength. It is called a Burstein- 
Moss effect, and it is explained as follows. With the increase in concentration of 
defects, more and more donor states are produced, and it pushes Fermi level higher 
in energy until it lies inside the conduction band above the occupied donor states 
[72]. Thus, the excited electrons are required to jump there to be resided in conduc-
tion band instead of simply reaching its lowest edge which is located closer. For 
example, reduced V2O5 nanostructures showed the increase of band gap from 1.95 
to 2.45  eV due to presence of delocalized and injected electrons [73]. In turn, 
Al-doped ZnO also can demonstrate negative changes in optical properties, com-
pared with undoped ZnO; particularly, transparency range increased from ~3.0 to 
~3.25 eV, respectively [74].

Electrical and electronic properties Defects can serve as recombination centers 
as instead of trapping the electrons or holes on separate occasion, thus increasing 
their lifetimes just like in vacancies, or by scattering them as realized via doped 
atoms, they behave as locations where or near which both charge carriers become 
combined, and thus, it leads to their self-annihilations. For example, Xu et al. [75] 
investigated CdS nanorods for photocatalytic application and discovered that their 
improved crystallinity highly benefits the performance as the more light-induced 
electrons and holes could reach the surface joining the corresponding reactions 
without being trapped in defects. In turn, Larumbe et al. [76] determined that dop-
ing of TiO2 with Fe might be considered as a less optimal pathway to improve its 
properties, as the resulting compounds demonstrated low photoefficiency which 
was mostly ascribed to increased ratio of charge recombination.

Structural characteristics Presence of defects on the surface of materials usually 
results in certain mass perturbation and its subsequent recontribution in searching of 
a new minimum of energy. In most cases, these changes are positively influence the 
morphology as the overall specific surface area, level of mesoporousity etc. increase 
sufficiently. Yet, there are available reports where, oppositely, it leads to deteriorat-
ing structural characteristics as established metastable thermodynamic equilibrium 
matches highly unfavorable arrangement of surface atoms. Furthermore, these neg-
ative changes also can be correlated with post-synthesis treatment used to introduce 
defects due to its extreme conditions, as it was demonstrated, for instance, by 
Leshuk et al. [77] who applied annealing at 450 °C in H2 for 24 h to create oxygen 
vacancies in TiO2. The resulting structure showed reduced specific surface area for 
more than ~3 times compared with that of pristine sample.
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2.7.4  Current Challenges and Future Perspectives

Defect engineering provides a great potential for improving the performance of 
various semiconductors in terms of their solar energy conversion-related applica-
tions. To be precise, it allows to modify their light absorption, improve charge sepa-
ration, optimize surface compositions, etc. Yet, although great and impressive 
achievements have been demonstrated in this direction in recent years, there are still 
several crucial challenges that require urgent solutions as current outcome of photo-
catalysis is still far from expected.

Firstly, it is important to reach clear and deep understanding regarding the ratio-
nal structures and characteristics of defects within the materials since it might be 
considered as a crucial pathway to avoid their negative influence. This step is espe-
cially important, given the number of contradictive studies regarding it that are cur-
rently available in literature. Secondly, based on this knowledge, it is essential to 
design materials filled with defects under deep consideration of their types, nature, 
and behavior. Thirdly, the current fabrication techniques are required to be adapted 
more properly as to realize the formation of defects with more precise control over 
their characteristics. For instance, thermal treatment as a method to create vacancies 
in semiconductor can also influence its phase composition or even deteriorate sur-
face morphology since it requires the use of high temperatures. Thus, an alternative 
to this method is required to be developed. Fourthly, it is out of importance that 
materials filled with defects are supposed to show also certain stability as required 
addition to their high efficiency so that they can be used for longer time making the 
utilization more practicable. The example of Mg-doped Ta3N5 mentioned above 
[35] is a great example on how it could be effectively applied in reality.

2.8  Final Remarks on Defect Engineering

Defect engineering is a new subject whose development became possible only 
recently when advanced analyzing techniques were utilized to demonstrate that 
presence of defects in fact is responsible for various important phenomena. It brings 
a novel concept which means that instead of avoiding them at any cost as undesir-
able features which deteriorate properties and characteristics of materials, they can 
be applied efficiently to make them become more advanced. It is considered to be a 
very attractive strategy, as defects always exist, and the ideal materials simply can-
not be created within the scope of presence technologies and sources. Thus, even 
though synthesis of highly perfect compounds was reported in literature, they surely 
have a small fraction of defects which slip the detection and identification, and thus 
it builds an impression of their absence. To create this “ideality,” however, various 
complicated treatment procedures are required, and consequent analysis should be 
performed under extreme vacuum. Thus, under normal conditions, defects usually 
are present in very considerable amount and all we can do is to accept that they are 
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the unseparated part of materials that can assist in reaching our purposes and goals. 
However, to do so, it is necessary to get acquainted with them and their most basic 
characteristics so as to understand what they are and how they behave. This chapter 
provides such an opportunity as here each type of defects including zero- dimensional, 
one-dimensional, two-dimensional, and three-dimensional is described in precise 
details in the purpose of providing the most essential knowledge about them. In the 
following chapters, it is shown how this knowledge can be applied in practice to 
fabricate certain specific materials with desirable features which can demonstrate 
outstanding performance.
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Chapter 3
Bulk vs Surface Defects

3.1  Introduction

The presence of defects in semiconductor materials plays a crucial role in determin-
ing their photocatalytic performances as it can result in positive as well as negative 
outcome. There are many factors which affect this influence. Considering vacancy- 
type defects in a binary material such as ZnO as an example, it can be said that, 
firstly, they might have neutral, single, double charge states. It regulates the posi-
tions of its nearest-neighbor atoms in terms of consequent relaxation and reaching 
newly established thermodynamic equilibrium with minimum energy. Secondly, 
presence of vacancy creates specific mid-gap levels inside of band gap whose local-
ization, however, is not fixed as they can be shifted up and down given the differ-
ences in arrangement of these defects and also due to changes in the transition levels 
between charge states. It has to be noticed that the same processes also can lead to 
rising up or lowering down the edges of valence and conduction bands, respectively, 
thus resulting in narrowing or oppositely increasing the width of band gap. Thirdly, 
introduction of vacancies might be accompanied by the formation of other related 
intrinsic defects such as self-interstitials or antisites (it is ascribed as atoms of Zn 
occupy positions of oxygen atoms) and their accompanied assemblance into more 
complex defect structures. Furthermore, there is also a need to acknowledge the 
type of vacancy, e.g., whether it has anion or cation character, as inaccurate manage-
ment of defect formation due to nonrelevant synthesis procedure or improperly 
applied post-synthesis treatment might cause an unexpected transformation of ZnO 
from semiconductor to absolute insulator with extremely low charge concentration 
of carriers and absolute inability to show any photoactivity. In reverse, it also might 
become a highly degenerated compound with sharp metallic behavior. Thus, it is 
clear that formation of defects requires control at very challenging levels as not only 
their various characteristics should be deeply considered, such as formation energy, 
relaxation of surrounding crystal lattice, etc., but also it is necessary to always keep 
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in mind the nature and specifications of material system which is served as a host 
for them. For instance, taking nitride and oxide structures as illustration, introduc-
tion of anion vacancies might have some differences within these structures given 
the dissimilarities in particularities of oxygen and nitrogen vacancies, respectively.

However, there exist another parameter that can be used to govern the influence 
of intentionally introduced defects on photocatalytic performance which is very 
unique as manipulation over them can be realized not only through dismissing their 
own particulate characteristics but also regardless the type of employed semicon-
ductor. This parameter is explained as follows: Given that much of the material that 
is utilized in light-induced reaction is supposed to have certain dimensions and vol-
ume, thus, depending on the experimental processing and its accompanied condi-
tions used to create defects, there often happens a situation when their appearance 
is designated to be specifically distributed within the regions regarded as surface- or 
bulk-related. Given that host atoms within both of them have certain dissimilarities 
in their arrangements, it drastically affects the structure of defects residing there and 
also influences their localized environment including relaxation of nearest-neighbor 
chemical bonding and modification and perturbation of electronic structures within 
surrounding crystal lattice. It inevitably correlates with the level of material perfor-
mance during photocatalytic activity. This concept is perfectly applied to both 
intrinsic and extrinsic deficiencies as it was demonstrated, for example, by Kong 
et al. [1] and Chang and Liu [2] respectively. In the first report, TiO2 nanocrystals 
were synthesized with tunable surface/bulk defects using vapor-induced hydrother-
mal hydrolysis. It was discovered that “decreasing the relative concentration ratio of 
bulk defects to surface defects… significantly improve the separation efficiency of 
photogenerated electrons and holes, thus… enhancing the photocatalytic effi-
ciency.” In turn, the authors of second study revealed that uneven doping of vana-
dium ions within the surface layer of TiO2 improves the photocatalytic performance; 
in contrast, bulk doping has detrimental effects.

Yet, to apply this methodology correctly, there appears a question whose impor-
tance cannot be overestimated, i.e., at what depth the particulate defect can change 
its status transforming from surface species into the bulk ones? Before starting this 
discussion, it is necessary to notice that typical nanostructured materials except the 
ones whose sizes are extremely small and in the range of sub-nanometer scale have 
several regions within them which can be described as surface, sub-subsurface, and 
bulk. It is, however, very common that subsurface layer is recognized as a part of 
surface composition and frequently is disregarded to have a clearly defined presence 
within the material. It happens through several reasons. Firstly, it simplifies the 
understanding of photocatalytic processing given that defects can be introduced 
whether into the surface or in the bulk, and thus it is much easier to follow their 
behavior and related characteristics. Secondly, to identify the existence of subsur-
face states, application of more advanced and complex analyzing protocol is 
required such as ion beam etching during XPS measurement, which, in turn, might 
not be a suitable option for delicate compositions as it also can generate vacancies 
and thus add additional difficulties in interpreting the structure. Thirdly, as individ-
ual thickness of surface layer without referring to subsurface is regarded in the 
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range of ~0.5 nm or even several atomic layers, it might be challenging to determine 
anything within it. Thus, in order to make its analysis to become more adequate, its 
range should be extended deeper inside the material reaching at least a dimension of 
several nanometers. Yet, to be honest, it is not easy to distinguish the extent of these 
“several nanometers,” as it might depend on the proportion of materials or its struc-
ture. As an illustration, for TiO2 thin film with thickness of ~22 nm, the definition of 
surface has a range of depth equal to ~12 nm [3], while for TiO2 nanorods with 
diameter of ~25 nm, it was stated that its limitation reaches only ~4 nm [4]. It is 
evident that such a discrepancy might bring additional difficulties in interpretation 
of results as based on it, each material and composition reported in literature are 
regarded to have its own self-determined definition and extension of surface which 
however might not be applied toward other related structures even within similar 
materials system. Thus, it is not practically useful, and another approach to distin-
guish bulk and surface layers should be considered. It might be suggested that 
detecting the appearance of defects using analyzing techniques whose penetration 
depth lays within the range of several nanometers such as XPS, UPS, and Auger 
electron spectroscopy (AES) results in referring to them as surface-based states. In 
turn, using the analysis which can probe whole composition of target materials 
regardless its thickness or size such as XRD, EPR, and Raman spectroscopy results 
in classifying the detected defects as bulk-based states. This methodology was com-
paratively applied, for example, by Wu et  al. [5] while investigating TiO2 NPs. 
However, even though it allows to realize which one is dominated specie in sample 
and also to understand its role during light-induced application, the disadvantage of 
this approach is that it cannot be used to directly compare concentration of both 
types of defects. Thus, the provided above definitions of bulk and surface defects 
should be taken with certain cautions as the depth at which their mutual boundary is 
supposed to be located might be very conditional.

3.2  Bulk Defects

Usually, it is often considered that bulk deficiency, both intrinsic and extrinsic, is a 
highly undesirable feature since their presence only leads to unfavorable effects 
lowering the range of expected advancement in terms of photocatalytic perfor-
mance. At the same time, an opposite opinion also existed in literature which clearly 
defines that bulk defect can bring certain usefulness to the materials. Below, a brief 
explanation of their structure and particular characteristics is provided to figure out 
how they influence characteristics of host semiconductors during photocatalytic 
processing.

Intrinsic defects As it was generally accepted, intrinsic bulk defects usually are 
present in the form of trap centers for light-induced electrons and holes which suf-
ficiently decrease their lifetimes. In addition, their existence also degrades transport 
characteristics of remained charge carriers negatively affecting diffusion toward sur-
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face thus reducing overall light-induced output. Yet, it would be incorrect to say that 
simply by eliminating any bulk defects and leaving only those located in the surface, 
the efficiency of target material becomes abruptly increased. In fact, bulk defects 
also play a certain role in contributing and consequently governing  photocatalytic 
processing, but it is usually proceeded via their combined presence with surface 
defects which results in appearance of consequent synergetic effect. The study by 
Hou et al. [6], for example, clearly confirms this concept. The authors investigated 
the changes in solar hydrogen production of TiO2 as a function of concentration ratio 
between bulk single-electron-trapped oxygen vacancies (VO) and surface-located 
counterparts (Fig. 3.1). It was determined that occurrence of former defects within 
certain quantity was highly necessary in order to obtain the most optimal perfor-
mance of TiO2 as even though they play the role of recombination centers for charge 
carriers thus decreasing the overall concentration of available light-induced elec-
trons and holes, they contribute at some extent into shifting of absorption edge 
toward longer wavelength due to formation of mid-gap states that localize under the 
conduction band of TiO2. These defects also are important when it is necessary to 
play with electrical characteristics of materials, for example, to perform the n → p 

Fig. 3.1 (a) Positron lifetime, relative intensities, and production H2 rates of the prepared samples. 
The lifetime components (τ1) and (τ2) qualitatively reveal the bulk and surface oxygen vacancies, 
receptively. I1 and I2 represent their relative intensities, and the intensity (I) embodies the relative 
concentration of the bulk or surface oxygen vacancies. (b) Effect of photocatalytic activity on the 
H2 production rate of the samples (left image, under UV-vis light irradiation; right image, under 
visible light irradiation). Clarification of sample names is as follows. As samples were prepared via 
mixing TiO2 and NaBH4 using thermal treatment at Ar for calcination at 300 °C, labelling them as 
TiO2-Rx(y) represents that x is the calcination time and y is the mixed mass proportion of TiO2 and 
NaBH4. (Reprinted from Ref. [6] with permission from The Royal Chemical Society. 
Copyright 2018)
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transition within TiO2 [7] or strengthening its conductivity [8] since they allow to 
reach higher uniformity of charge distribution by filling more volume.

As for achieving the precise understanding regarding the structure of bulk 
defects, it is explained in the following terms. Considering heavily packed crystal 
lattice, the number of enveloping chemical bonds and consequent presence of 
nearest- neighbors around atoms located deep inside materials is higher than those at 
the surface. Thus, realization of intrinsic bulk deficiency such as formation of 
vacancies or self-substitutional usually is ascribed via higher formation energy 
which is accompanied by relaxation of surrounding crystal lattice at much shorter 
distances [9]. It defines their lower stability than that of surface defects. In this 
regard, it is obvious that to create them, the application of severe synthesis protocol 
or more intense treatment procedure is required. For example, ion sputtering of ZnO 
with the energies at the range of 1–2 keV only resulted in exclusive appearance of 
defects located at the surface, and their presence could only be detected within top-
most several atomic layers [10]. To make them become extended deeper into materi-
als, it is required to increase the energy of this treatment up or even over ~90 kEv 
[11]. In this case, the presence of newly created defects in ZnO could be clearly 
identified by X-ray diffraction analysis and Raman scan which stated that their 
introduction reached the bulk of material. Thus, one may conclude that formation of 
defects in the bulk is often accompanied by the presence of surface-based defi-
ciency, but not vice versa considering difference in applied energies and efforts.

Extrinsic defects Bulk doping often is regarded as an unattractive method to 
extend the photoactivity of desired compounds given several reasons. Firstly, intro-
duction of foreign elements into surface layer is more energetically favorable and 
requires less formation energy [12, 13], similar to that of intrinsic deficiency. 
Secondly, bulk doping usually leads to development of structural defects and com-
positional disorders within the material structure as foreign atoms in order to 
advance their positioning deeply inside crystal lattice should “struggle” their way 
there causing along paved pathway the distortion and deformation of enclosing 
arrays of atoms resided in neighboring periodical arrays. Yet, it cannot be said that 
bulk doping should be completely abandoned and avoided since several reports that 
are available in literature demonstrated that its effectiveness in terms of charge sepa-
ration rate and consequent photocatalytic performance can be, in fact, even higher 
than that of its surface counterpart. For example, Wang et al. [14] compared surface 
and bulk doping of WO3 with Na and discovered that using former strategy resulted 
in more intense shifting up of Fermi level position and longer lifetime of electrons 
which highly contributed to the improved visible-light-driven (>420 nm) photodeg-
radation of methyl blue. It was explained by more uniform spreading of Na ions 
within TiO2 which allowed to reach increased mobility of charge carriers in “local-
ized states.”
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3.3  Surface Defects

Intrinsic defects Surface intrinsic defects such as Ti3+ and oxygen vacancies in 
TiO2 or oxygen and zinc vacancies in ZnO are considered to be efficient trapping 
centers which greatly contribute to the enhanced charge transportation and thus lead 
to increase of overall photocatalytic performance. Also, their presence can effi-
ciently expand the absorption range toward visible light which is especially impor-
tant for the materials that only are sensitive to UV light. It is correlated with the 
formation of localized energy levels within the band gap which allow to transfer 
electrons from valence to conduction band by utilizing photons with much lower 
energies. Experimental evidence determined that this process is more related to 
shallow trapping that is usually associated with introduction and presence of surface 
defects [15]. Furthermore, given that these defects often represent donor- and 
acceptor-like characteristics, respectively, they also effectively increase the concen-
tration of relevant charge carriers as well as improve their mobility thus expanding 
overall lifetime and also sufficiently enhancing light-induced activity. In turn, 
numerous theoretical simulations confirmed reliability of this conclusion. For 
example, Alexandrov et al. [16] investigated SrTiO3 via first principle calculation 
and determined that neutral surface oxygen vacancies turn out to be a much “more 
shallow defect than that in the bulk.” In this regard, it was concluded that their 
defect level resulted in degenerating the conduction band which led to locally 
enhanced electrical conductivity since the number of charge carriers that were avail-
able over nearest ions became increased. As a result, semiconductor-based surface 
was transformed into “practically metallic” state, while its bulk counterpart 
remained to keep the original characteristics.

Thus, it represents that applying surface deficiency toward semiconductor mate-
rials might not only sufficiently improve already existing properties but also lead to 
appearance of new and unexpected features which are unusual for this concrete 
material, yet are highly useful and desirable in terms of their contribution into pho-
tocatalytic activity toward processing various reactions including decomposition 
organic pollutants and generation of hydrogen via water splitting. For example, Lv 
et al. [17] annealed ZnO under hydrogen flow at 455–475 °C for 1–9 h and discov-
ered that formation of surface oxygen vacancies makes this wide band-gap semi-
conductor to become sensitive toward irradiation with visible light which resulted in 
enhanced photocatalytic performance. It was explained by increased width of 
valence band whose expansion was enough to promote the transport of electrons 
toward the conduction band by utilizing photons with energies lower than original 
band gap of ZnO, e.g., ~3.4 eV (Fig. 3.2). It is interesting to notice that when these 
defects were introduced mostly into the bulk of ZnO due to longer treatment or 
using higher temperature, no visible light photoactivity was observed despite 
enhanced absorption characteristics even though the overall improvement of perfor-
mance under solar irradiation was reported.

As for the structure of intrinsic surface defects, they have much lower formation 
energy compared with that of the bulk ones. It is partially explained by more 
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loosened structure of atoms at the surface which means that their evacuation requires 
the breakage of a smaller number of surrounding chemical bonding. In addition, 
relaxation of remaining atoms to adjust their positions with respect to newly formed 
defect can be proceeded with higher level of self-government and autonomy given 
much less influence by nearest-neighbor species. It means that stability of surface 
defects is very high and, at equilibrium conditions, it is more energetically favorable 
for atoms to leave the surface than struggle their way out from the bulk. This con-
cept can be addressed to both cation- and anion-based vacancies as it happened, for 
example, in the case of ZnO [9].

Extrinsic defects Surface doping is regarded to be a very controversial approach 
to improve the photocatalytic efficiency as compared to the intrinsic deficiency, it 
might not always guarantee that resulting composition would show the expected 
performance or other related features and characteristics. The main challenge is that 
it requires to achieve uniform distribution of doped elements in the surface layer as 
to make locally relaxed and perturbated geometrical and electronic structures, 
respectively, become equally extended within crystal lattice thus realizing efficient 
and stable charge transportation. In this regard, bulk doping might become a more 
prevailed choice since its parameters are much easier to control due to larger vol-
ume and more homogeneous compositions. Thus, with certain rate of success, it 
enables to show better correlation with improved photoactivity.

Fig. 3.2 A comparison of the visible photocatalytic activity of the untreated ZnO and ZnO after 
H2 reduction treated with (a) various temperatures for 5 h and (b) various times at 465 °C on the 
degradation of MB, respectively (visible-light region in the range of 400–800 nm). (c) The sche-
matic diagram of the energy band structure and the DOS of the pure ZnO and reduced ZnO1−x 
illustrates the evolution of the DOS with the increase of oxygen vacancy concentration (from I to 
III). (Reprinted from Ref. [17] with permission from The Royal Chemical Society. Copyright 2013)
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Surface doping is usually realized via various approaches such as chemical syn-
thesis, which is especially applicable to introduction of metal elements or by using 
thermal treatment in the defined and specially adjusted gas ambient at moderate 
temperature which, in turn, is more suitable for filling with non-metal elements. For 
example, Bjelajak et al. [18] applied annealing in NH3 to TiO2 which resulted in 
surface chemisorbed N species. However, these methods in certain terms are non- 
ideal as they can also lead to simultaneous doping of bulk. In turn, it was reported 
that using the deposition of thin layers or uniformly spread nanoparticles on the 
surface of target materials followed by consequent thermal treatment step might be 
an attractive approach to activate interdiffusion and realize doping within only the 
topmost surface layer. For instance, Oztel et al. [19] used sputtering to cover the 
surface of SnO2 with Pt nanoparticles and later subjected to annealing at 600 °C to 
activate the doping procedure. The presence of Pt in SnO2 was adjusted by the 
change of sputtering time as it allows to control the diameters of its nanoparticles. 
This approach has several important advantages. Firstly, it provides high flexibility 
in choosing the concentration and even depth at which the foreign atoms might be 
penetrated within the host crystal lattice; secondly, it can be applied to most of 
structures regardless their morphologies and compositions; and thirdly, it can be 
used for the elements and compounds whose level of solubility is extremely small 
due to large ionic radii and cannot be increased without forming additional phases 
and structures.

Special words need to be addressed for describing the nanolamination process 
via atomic layer deposition (ALD) or chemical vapor deposition (CVD), since it 
was discovered recently that this method can efficiently increase uniformity and 
solubility level of both surface and bulk doping. Its methodology is explained as 
follows: During growth of materials, a specified portion of doped element is intro-
duced repeatedly into reaction chamber within fixed cycle number or moment of 
time for ALD and CVD, respectively. The higher the frequency of this introduction, 
the greater and the more uniform is the level of doping. After completion of deposi-
tion, the following thermal treatment usually is applied in order to activate interdif-
fusion thus making doped elements spread homogeneously. The temperatures that 
are used during this step are usually relatively lower than those applied for realizing 
conventional processing. For example, Su et al. [20] demonstrated that nanolamina-
tion protocol can be used to increase surface and bulk doping of Zn in TiO2 from 
usually reported ~2% to impressive ~16% and ~8%, accordingly. This structure 
demonstrated highly increased photocatalytic activity as such a high concentration 
of Zn caused the appearance of additional electrons to be transferred in the direction 
of conduction band, thus increasing the density of surface reaction sites where mol-
ecules from surrounding media can be adsorbed. In another example, formation of 
Al-doped TiO2 could only be activated at temperatures over 1200  K, while 
nanolamination- supported fabrication route allows to reduce it down to 450 °C. In 
this regard, the level of achieved bulk and surface doping was estimated as ~7% and 
~16%, much higher than the standard one [21].

Thus, as can be seen, surface doping provides great opportunity to reach solubil-
ity of compounds whose ionic radii cannot allow them to be introduced in target 
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materials. Thus, it can be applied to a wide range of structures and compounds 
compared with that of bulk doping, making it an extremely attractive approach to 
create structures which under normal circumstance were hardly considered to be 
realized.

3.4  Distribution, Concentration, and Diffusion of Defects: 
Why Is It Important

The presence of defects in materials, whether intrinsic or extrinsic, is described by 
various characteristics such as concentration, distribution, nature, and migration or 
diffusion whose proper adjustment plays a crucial role in tuning their usefulness and 
applicability toward improved photocatalytic performance. Here, some of these 
characteristics are described in specific details in order to understand their impor-
tance and also to provide reliable mechanism of their proper control and adjustment 
within the materials.

3.4.1  Distribution of Defects

Intentional introduction of surface intrinsic defects, such as oxygen vacancies in 
TiO2, results in formation of localized regions around them which are usually 
described by increased density of charge carriers or, specifically, as in this case, 
donors. Thus, one can easily understand that if there is uneven distribution or 
improper assemblance and agglomeration of these defects in the form of separate 
clusters or islands, it might cause imbalanced charge transportation between local-
ized regions between them which, in turn, lower mobility of charge carrier, thus 
making them trapped and consequently becoming recombined much easier. As a 
result, it leads to a critically declined rate of photocatalytic efficiency. Furthermore, 
presence of vacancies is greatly beneficial for attracting molecules from the sur-
rounding media since they not only serve as their absorbing sites but also suffi-
ciently contribute to their proper activation toward redox reactions. For example, 
Huygh et al. [22] investigated adsorption, dissociation, and diffusion of CO2 on both 
fully oxidized and reduced anatase (001) surfaces using density functional theory 
calculation. It was revealed that processing of CO2 molecules was completely 
unfeasible on the stoichiometric surface, while introduction of oxygen vacancy 
defects gave rise to new highly stable adsorption configurations with a stronger 
activation of the C-O bonds which results in exothermic dissociation of CO2. These 
results were also confirmed by several experimental evidence such as those reported 
by Tan et al. [23]. Thus, it is evident that reaching only a partial coverage of surface 
with these defects states sufficiently lessens the expected outcome of photocatalytic 
reactions. In turn, once the formation of oxygen vacancies is properly harmonized 
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in order to make them become available in relatively uniform compositions with 
equal concentration all around surface or bulk areas, it leads to opposing results, as 
in additions to greatly stabilized and homogeneous migration and conformity of 
charge carriers, it also sufficiently increases the number of adsorbed molecules to be 
evolved into light-induced reduction and oxidation reactions in a simultaneous and 
efficient manner. Thus, it is unsurprising that distribution of defects, especially in 
the form of vacancies, has a clear linear dependency with the photoactivity of host 
material, i.e., the more uniform and continuous it is, the higher the performance as 
it was shown, for instance, by Gurylev et al. [3]. However, it also has certain limita-
tions as once the surface is covered in absolute and equable term, the only parameter 
which continues to rise is the concentration of defects which might overcome satu-
ration point and bring a negative impact.

Furthermore, the concept related to regular and continuous presence of defect is 
also highly important to realize their correct analysis and estimation via proper and 
reliable approach. Simply put, at their existence in the form of separated clusters 
and islands, the application of instruments which use point-based assessment such 
as X-ray photoelectron or Raman spectroscopies is assumed to be very tricky as 
accidently picking up the locations that are only covered partially or even absolutely 
free from any defects could provide incorrect information of their insufficient pres-
ence or even give a false impression of their complete absence, respectively. In this 
case, only mapping-based analyzing protocol might be regarded as a source of reli-
able information for them. For example, Gurylev et al. [24] investigated distribution 
of oxygen and zinc vacancies in hydrogenated ZnO via microzone photolumines-
cence spatial mapping procedure and defined that their appearances on the surface 
of hydrogenated ZnO occur in the form of separated islands with very random dis-
tribution and casual densities. Furthermore, it was determined that their localized 
appearances were closely linked to each other and thus both types of defects could 
not be considered as separated and individually existed species. Later, thus, knowl-
edge was applied to fabricate ZnO filled with both oxygen and zinc vacancies which 
showed improved absorption in UV/vis spectra and enhanced photoelectrochemical 
efficiency under solar and visible lights [25]. The same methodology could also be 
realized using microzone Raman spatial mapping which along with providing clear 
and defining data regarding the disposition of intrinsic defects such as oxygen 
vacancies in TiO2, in addition, can serve as a tracking tool to follow their evolution 
with regard to continuous advancement of applied treatment protocol [3] (Fig. 3.3).

As for extrinsic defects, their uniform and optimal distribution in the target mate-
rial is usually defined by the absence of detecting any unnecessary and unexpected 
phases which could be interpreted as equalized spread of doped elements within 
crystal lattice without much accumulation and assemblance. However, it is a very 
relative estimation, as the precision and reliability of this observation are often cor-
related with the specification of technique which was applied to analyze the sample. 
Simply put, by checking X-ray diffraction, one might conclude that bulk structures 
have relatively uniform presence of dopants, yet, it does not mean that composition 
of surface layer should inevitably follow it as utilization of more surface-sensitive 
analysis is required to confirm it. This mechanism also works vice versa. 
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Furthermore, one should become fully aware that during doping of small-scaled 
nanostructures, the introduced foreign atoms usually diffuse toward the surface, 
thus making the appearance of doping gradient in the material. This processing is 
called as “self-purification mechanism,” and it was observed, for example, during 
introduction of Fe atoms into 20  nm-sized TiO2 nanocrystals with atomic ratios 
ranging from 1% to 25% [26]. It results in uneven distribution of doped elements 
which in turn sufficiently reduces charge transportation, making the delivery of 
photo-induced electrons and holes to the surface more difficult. Thus, it is evident 
that reaching uniform spreading of dopants within the target materials is a challeng-
ing task. Even though several analyzing techniques might show that this target is 
reached, in fact, their concrete assemblance or accumulation might be beyond their 

Fig. 3.3 Spatial two-dimensional color-coded mapping images of corresponding peak shift of 
main Eg Raman mode ranging from 633 to 645 cm−1 for TiO2 thin films annealed in air at 500 C 
and annealed in hydrogen at 350–500 °C. For clarification, the more positive the position of this 
peak, the more oxygen vacancies are formed in TiO2. (Adapted from Ref. [3] with permission from 
Elsevier. Copyright 2015)
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detection limit and is thus remained in shadow. To resolve it, it is suggested to use 
post-doping thermal treatment as to allow introduced foreign elements to be dif-
fused around their host materials in a more proper way in order to reach better 
homogeneity, as it was shown, for example, in studies by Su et al. [20, 21].

In turn, it is interesting to notice that non-uniform doping can be used by some 
authors as a method to create pn-junction within the target material. For example, 
Zhang et  al. [27] created thin film-related composition via assemblance of two 
structures where the bottom one represents a layer of TiO2 doped with addition of 
Mn, while the upper one which is close to the surface remains to be undoped TiO2. 
The authors stated that Mn4+ in the bottom layer becomes the electron acceptor and 
the photon-generated electrons transferred from surface-located layer toward them 
leaving behind holes. Thus, thin film-related composition was considered to contain 
n-type and p-type conductive bottom and upper layers, respectively. This structure 
showed much higher photocatalytic efficiency than that of uniformly doped TiO2 
when Mn additions were spread equally within both layers.

3.4.2  Concentration of Defects

One might consider that concentration of introduced defects, whether intrinsic or 
extrinsic, and photocatalytic activity has a clear correlation, i.e., the greater their 
presence and the more they are introduced into materials, the higher their influence 
in terms of increased donor and acceptor densities and improved charge separation 
efficiency, and also, the more mid-gap states are created with the band gap, the bet-
ter is the absorption of light, and the more evident is the outcome in the form of 
enhanced light-induced performance. Yet, it works only till reaching a certain satu-
ration point of defect concentration, as it was briefly mentioned above, beyond 
which their increments would only lead to gradual self-annihilation of associated 
localized charge carriers given their excessive presence or appearance of other nega-
tive effects. Thus, there always exists an optical concentration of defects which are 
associated with best light-induced performance. It has a clear relation with size, 
morphology, and type of target material. Considering TiO2 as an illustration, Su 
et al. [28] investigated the behavior of this material under hydrogenation at 300, 
400, 500, and 600 °C. It was revealed that the higher the temperature of treatment, 
the more oxygen vacancies were produced, and the more enhanced the donor den-
sity became (Fig. 3.4a, b). The best photoelectrochemical performance, however, 
was achieved by TiO2 after hydrogenation at 300 °C (Fig. 3.4c). It was stated that at 
these conditions, oxygen vacancies reached a specific saturation point which satis-
fied the most balanced presence of donors. In turn, Gurylev et al. [3] applied rela-
tively similar treatment with a slightly different temperature range of 350–500 °C 
and demonstrated that 500 °C, in fact, is the point at which the saturation of oxygen 
vacancies occurs, and thus it corresponds to the most favorable concentration of 
donors. Such a discrepancy might in part be explained by the fact that the former 
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study used nanoparticles with a dimension of ~300 nm, while in the latter case, thin 
film with thickness of ~22 nm was applied.

3.4.3  Diffusion of Defects

Diffusion of defects, especially intrinsic ones such as zinc and oxygen vacancies in 
ZnO, is determined by the energy of their migration barrier which they should over-
come in order to become mobile so that they can become moveable within crystal 
lattice of target materials. Various parameters influence it, in particular, the type of 
defects, charge state, method which was used to create them, the nature of material 
that they belong to, etc. The last one is especially important as, for example, oxygen 
vacancies in TiO2 and ZnO cannot be compared given differences in compositions 

Fig. 3.4 (a) EPR spectra recorded at 300 K for TiO2 and H-TiO2 samples prepared at different 
temperatures. Signals at g = 2.002 and g = 2.001 are attributed to the defects like oxygen vacancy 
(with one electron). It is seen that the density of oxygen vacancy reaches saturation point on the 
surface of H-TiO2 at 500 °C. (b) Mott-Schottky plots collected in the dark for the TiO2 and the 
H-TiO2 samples. Inset represents Mott-Schottky plots of H-TiO2 prepared at 300, 400, 500, and 
600 °C, which was collected under the same conditions. Smaller positive slope indicated higher 
donor density. (c) Photocurrent density of TiO2 and H-TiO2 measure using dye-sensitized solar 
cells setup. (Reprinted from Ref. [28] with permission from American Chemical Society. 
Copyright 2015)
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of both semiconductors, even though these defects have very similar descriptions, 
and thus each one should be regarded as a unique and separate case. Once the migra-
tion barrier is overpassed, the following outcomes usually occur as a result of defect 
diffusion:

 1. Localized displacement of their position when a nearest-neighbor cation or anion 
atom moves into the vacant site leaving a vacancy behind. It usually occurs in 
order to reach the minimization of energy distribution due to appearance 
of defect.

 2. Long-range motion when bulk defects tend to migrate toward the surface. This 
process despite its seeming simplicity has certain complications depending on 
the size and dimension of materials. Thus, it might lead to a different outcome. 
For example, Deng et al. [29] investigated migration of oxygen vacancies (VO) in 
ZnO nanowires and determined that the smaller the wire was, the higher the ratio 
of surface unsaturated bonds versus internal bonds, the higher the bonding 
strength, and thus, the greater the barrier for VO diffusion which prevented them 
from reaching the surface. On the other hand, the smaller wire possesses a lower 
rigidity of the lattice and hence could be relaxed more freely which decreases 
barrier for VO diffusion, making its delivery to designated locations more acces-
sible. Thus, due to this competition, only part of available oxygen vacancies 
might reach the surface even though migration barriers can be overpassed by all 
of them. It has to be noticed that diffusion also can be proceeded in an opposite 
direction, i.e., from bulk to surface, yet it is a rare phenomenon.

 3. Bind with other defects and impurities creating associated complexes. This path-
way has certain handicaps as the target defect instead of searching for right part-
ner to be combined and thus increasing its feasibility might do this with its 
reverse equivalent and simply become annihilated completely as it happened, for 
example, during uniting of zinc interstitials and zinc vacancy in ZnO.

 4. Removal of defect from materials via their out diffusion. Migration barrier deter-
mines which amount of additional energy should be introduced into the system 
in order to initiate this process. For example, ZnO crystals implanted with N+, 
O+, and Al+, and co-implanted with O+/N+ and Al+/N+ ions, had to be subjected to 
temperatures above 800 °C to restore its original structure [30].

It has to be noticed that diffusion of doped elements into target materials is the 
main pathway to create extrinsic defects as they firstly need to be introduced into its 
surface by using doped-based sources such as surrounding gas phase or certain 
chemical and then under-applying external stress or via introducing additional 
energy making their way deeper into the bulk. In this processing, the doping con-
centration decreases gradually from the surface, and it is usually followed by 
accompanied formation and consequent migration of intrinsic defects which serve 
as compensation of introduced foreign elements. In this regard, there are two types 
of diffusion which can be applied to this process, namely, intrinsic and extrinsic dif-
fusion. The first one is used when the dopant concentration is low compared to the 
intrinsic carrier concentration; thus, the diffusion coefficient is constant with respect 
to the dopant concentration, and it was observed, for example, in the study by 
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Shirasaki et al. [31] who investigated doping of BaTiO3 with La and determined that 
this process is accompanied by the formation of Ba- and T- vacancy sites. In turn, 
during extrinsic diffusion, dopant concentration exceeds the intrinsic carrier con-
centration, which leads to appearance of electric field that assists in diffusion of 
doped elements deeper into the materials, thus making it called as concentration 
enhanced process. For instance, Radecka and Rekas [32] reported that incorporation 
of Nb into TiO2 at a temperature range of 900–1300 K occurred by extrinsic diffu-
sion mechanism governed via motion of titanium vacancies.

3.5  Defect Engineering of 0-D, 1-D, 2-D, and 3-D Materials

3.5.1  Brief Overview

Deep understanding of fundamentals regarding formation of intrinsic as well as 
extrinsic defects in semiconductors provides a great tool to achieve precise and 
accurate control over their various properties including electrical, electronic, and 
optical characteristics which are highly important in constructing functional and 
operational nanoscale photocatalysts that can show the required and practically 
applied efficiency. As it was mentioned above, defects result in both positive and 
negative developments as what happened with introduction of oxygen vacancies in 
n-type materials which in dependence of certain conditions might take the role of 
deep or shallow donors; thus, their presence has a significant influence on the intrin-
sic conductivity of materials, yet with different effect. Considering firstly the behav-
ior of deep donors, it might take the function of annihilation centers for charge 
carriers thus leading to consequent gradual decrement of conductivity, while 
shallow- type defect, in turn, always behaves oppositely as their presence greatly 
contributes to its enhancement via creating additional electrons and assisting in sup-
plying them toward the conduction band. Hence, one might consider that knowing 
how to introduce defect, to control their basic features and also in which particular 
way to keep their characteristics within the range of boundaries that determine their 
usefulness and practicability is enough to become aware of correct applying most 
essential principles of defect engineering making its practical coverage to reach the 
highest effectiveness.

Yet, it would be correct to say that this approach has limitation in applicability 
since the behavior of defects in various low-dimensional nanostructured materials 
cannot be accounted as similar and an absolutely identical process. In fact, it is 
highly influenced by particulate individualities of each of these materials such as 
morphologies, structures, and accompanied characteristics and might be different 
even within the same elemental systems. For example, in three-dimensional (3-D) 
materials, large structural distortion results in high formation enthalpy of specific 
defect, while in lower-dimensional counterparts, due to existence of voids or some 
kind of gaps between layers or ribbons, structural deformation can be accomplished 
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without applying significant energy penalty [33]. Thus, depending on the structural 
type of materials, the following phenomenon might be observed regarding the exis-
tence of defects and roles they take: low or high formation energies [9], ultra-long 
migration [34], changing role from charge dopants to the effective trap centers [35], 
etc. Furthermore, in some low-dimensional materials due to asymmetric coordina-
tion environment, the same atom can occupy several (or more) inequivalent lattice 
sites, thus causing distinctive defect properties which results in highly complicated 
chemistry even for simple binary composition compounds [33]. Finally, it is also 
important to consider that dimension of materials regulates the appearance of elec-
tron confinement and delocalization effects within it which might crucially influ-
ence the characteristics of introduced defects, or in reverse, likely to become the 
subject of defects’ affection. Thus, it is important to address in specific and separate 
terms all types of low-dimensional materials with regard to particularities of con-
crete defect formation in them and consequent influences on modification of char-
acteristics. Obtaining this knowledge would allow to understand which methodology 
is required to be applied to each of them in order to reach the expected outcome.

3.5.2  Defects in 0-D Materials

Zero-dimensional (0-D) materials belong to a class of materials where all three 
dimensions have a range within nanoscale limit of 1–100 nm (Fig. 3.5a). They usu-
ally exist in the form of quantum dots, particles, or spheres. For simplicity and 
convenience of discussion, in this section, we only consider quantum dot (QD) 
structures as they represent the most interesting, attractive, and fast-developing 
class of 0-D materials given their intensive application in electronics and energy 
devices. Formation of defects in them has certain particularities.

Fig. 3.5 Schematic illustration of low-dimensional nanomaterials
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Firstly, taking into attention that their sizes usually are extremely small, it results 
in very high surface-to-volume ratio, thus causing a significant enlargement of sur-
face deficiency ratio over that of bulk deficiency. Secondly, given that there is a clear 
contraction in any direction and dimension, it cases the appearance of very distinct 
quantum confinement effect which is associated with limited movement of both 
positive and negative charge carriers and is independent on the original type of con-
ductivity. This effect occurs when the size of quantum dots is comparable or smaller 
than the exciton Bohr radius. For example, lead sulfide (PbS) has an exciton Bohr 
radius of 18 nm which represents that nanoparticles below this size should exhibit 
significant quantum effects. In case of TiO2, this radius is only 1.5 nm, and one 
might suggest that consequences of quantum confinement effects are less likely to 
be observed in this material [36]. Overall, during its appearance, excitons gain addi-
tional energy which can be used as theoretical basis for increasing the band gap, 
thus leading to often observed blue shift in the absorption edge [37]. In this regard, 
introduction of defects such as donor-like vacancies into n-type materials results in 
strengthening of electron confinement within the QD where the holes, in fact, are 
also confined. Thus, due to the extreme localization of the electrons at the defect 
site, their k-vector becomes distributed in momentum space following description 
of Heisenberg’s uncertainty principle. In this way, the Γ-point contributions of the 
electronic wave functions give rise to optically direct and, consequently, more effi-
cient radiative transitions described as recombination of electron-hole pairs to 
release the photons [38]. As a result, there is sufficient reduction of effective con-
centration of available charge carriers, and consequently the outcome of photocata-
lytic reactions becomes declined. Thirdly, electronic levels of intrinsic defects may 
also experience influence of the confinement effect. For instance, green photolumi-
nescence emission appeared at ~524 nm, and associated with oxygen vacancies or 
zinc interstitials is only weakly observed in the bulk ZnO but significantly visible in 
QDs [39]. Fourthly, doping of QDs with various useful impurities is an extremely 
challenging task. To be clear, incorporation of even a single impurity atom into a 
semiconductor nanocrystal with diameter of ~5 nm is equivalent to a dopant con-
centration of 1019 cm3 which is likely the limit of extremely heavy doping in the case 
of a bulk semiconductor [26, 40]. This concept can be perfectly illustrated by com-
paring the study of Sun et al. [41] who reported filling of ZnO QD by La with molar 
mass ranging from 5% to 50% and to that of Pascariu et al. [42] who demonstrated 
that La concentration of only 0.02–4% was sufficiently enough to dope ZnO fibers 
with diameters of ~600 nm. Furthermore, it was also suggested that even though 
impurity atoms can easily become resided on the surface of nanocrystals, only the 
dopants which penetrated deeply inside it might play an important role in determin-
ing the electronic properties of their host [26, 43]. In particular, Andersen et al. [44] 
investigated doping of CdSe QD with indium atoms via simulation approach and 
determined that only after placing them exactly in the center of QD, the appearance 
of electrically active impurity states within band gap of CdSe was identified, while 
surface doping failed to achieve it. It was suggested that formation of these states 
either at or just above the highest occupied energy level was expected to contribute 
toward enhanced transportation characteristics within this particular material 
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system. However, realization of bulk doping of QD is a highly challengeable and 
nontrivial task given that only a small fraction of the added dopants is incorporated 
into the crystal lattice, as it is more energetically favorable to have them remain on 
the surface via forming clusters, segregating into a separate phase, or simply be 
adsorbing on the host [45]. Fifthly, precise and concrete localization of vacancies 
significantly influences on determining their role for governing optical properties of 
QD. For example, Pimachev et al. [46] used combined experimental and theoretical 
approaches to investigate spatial distribution of Zn vacancies in ZnS quantum dots 
and revealed that when Zn vacancies are located on the QD surface as a spot rather 
than being uniformly distributed over the surface and the core, the shift in absorp-
tion spectra toward the lower energies (about 0.1 eV) was observed.

Thus, it is evident that introduction of defects whether in the form of intrinsic or 
extrinsic, into QD and other 0-D nanomaterials, is considered to be a difficult task 
as it has great chance to lead for completely opposite results, and instead of expect-
ing an increase of photocatalytic activity, one might observe its sufficient decre-
ments or even disappearance. Following it, very careful strategy should be applied 
as to find the optimal balance between existence of defects and their influence in the 
electronic structure of their host materials as it was, for example, perfectly demon-
strated in a study by Han et al. [47] who fabricated oxygen vacancy-rich SnO2 quan-
tum dots which showed nearly ~260 times higher efficiency in degradation of 
methylene blue under visible light.

3.5.3  Defects in 1-D Materials

One-dimensional (1-D) materials belong to class of materials where one dimension 
is beyond the nanoscale range (Fig. 3.5b). They usually exist in the form of nano-
tubes, nanowires, and nanorods. Charge carriers are confined within two dimen-
sions, indicating that they can move freely only in one direction which usually 
represents the growth orientation. Formation of intrinsic and extrinsic defects in 
these structures was considered to have mostly positive impact since they cause the 
appearance of mid-gap states in the forbidden zone which not only increases the 
carrier concentration but also highly improves transition of electrons toward the 
conduction band. Besides, other characteristics such as mechanical strength, absor-
bance edge, higher surface area, etc. might be also extended as well. For instance, 
Park et al. [48] demonstrated fabrication of oxygen-vacancy-modified brookite TiO2 
nanorods to serve as visible-light-responsive photocatalyst, while Sutka et al. [49] 
reported that this goal could be achieved by ZnO nanorods via doping with Co. 
Furthermore, 1-D materials due to extremely large specific surface area and great 
chemical stability also can be used as a substrate for other nanostructures represent-
ing very attractive basis for depositing various metal and metal oxide nanoparticles 
and thus creating more complex compositions with advanced properties. In this 
case, intentionally introduced defects such as zinc and oxygen vacancies in ZnO 
nanorods provide a strong driving force for accommodating much larger number of 
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external atoms than that of the perfect surface resulting not only in selective loading 
and better interaction of these nanostructures but also effectively suppressing their 
consecutive sintering and accumulation which positively influence photocatalytic 
activity toward various reaction [50, 51]. Yet, it is incorrect to think that deficiency 
and improved characteristics of 1-D materials inevitably follow each other as posi-
tive outcome is not always possible. The reasons are that specific particularities 
regarding them in terms of both electronic and geometrical structures need to be 
taken into deep considerations.

Firstly, the mobility of electrons at certain conditions has a strong linear correla-
tion with changing the diameter of 1-D materials, i.e., the larger their width, the 
more efficient transportation characteristics it has. As an example, Ford at el [52]. 
observed this phenomenon on InAs nanowires within the radius range of ~7–18 nm, 
Fig. 3.6a, b. Several mechanisms were suggested to explain it. Simply put, shrinking 
the width of 1-D structures leads to increasing the role of surface atomic roughness 
thus resulting in enhanced scattering of charge carriers, therefore effectively lower-
ing their mobility. Furthermore, electron effective mass is likely to increase with the 

Fig. 3.6 (a) Electron microscopy characterization of InAs NWs. (b) Peak field-effect mobility as 
a function of radius for more than 50 different devices with NWs ranging from 7 to 18 nm in radius 
post oxide subtraction. (Reprinted from Ref. [52] with permission from American Chemical 
Society. Copyright 2009) (c) Scanning electron micrograph of a silicon nanowire contacted by 
metal electrodes in a multi-terminal layout. Scale bar, 1 mm. (d) Apparent resistivity of nanowires 
as a function of physical radius rphys, for various donor densities ND. (Reprinted from Ref. [53] with 
permission from Springer Nature. Copyright 2009)

3.5 Defect Engineering of 0-D, 1-D, 2-D, and 3-D Materials



92

diameter miniaturization which provides additional difficulties in their effective 
transportation. Creating defects in these thin 1-D materials would only worsen elec-
tronic properties, making it much poorer than that of their thicker counterpart. To 
some extent, it also could be explained by the quantum confinement effect as with 
increased concentration of charge carriers, they become localized more extremely 
due to inability to move freely, thus forcing them to be recombined. This phenom-
enon is more associated with intrinsic deficiency and usually is referred to 1-D 
materials with diameters up to 10–15 nm. As for the extrinsic deficiency, it was 
reported recently that negative impact of doping on the characteristics of these 
structures exceeds that of intrinsic deficiency and can be extended to a diameter 
even up to 30 nm. Given that at this size the impact of quantum confinement or other 
related effect associated with miniaturization on electronic structure of 1-D materi-
als is almost negligible, alternative mechanisms were suggested to explain the dam-
aging role of dopants. For instance, Björk et al. [53] investigated phosphorous-doped 
Si nanowires and demonstrated that instead of expected increase of conductivity, 
contrary different phenomena were onserved, namely, increased resistivity 
(Fig. 3.6c, d). It was referenced to the deactivation of doping atoms that occurred 
due to dielectric mismatch imposed by the transition from a silicon nanowire to air 
(through a 1-nm native oxide), which affects the ionization energy of donors inside 
the nanowire. The lower the donor concentration, the higher resistivity observed 
during doping, and the thicker the diameter of nanowires at which the negative 
impact of dopants began to appear. It is necessary to notice that theoretical models 
developed in earlier studies predicted that this mechanism could only be applied to 
nanowires surrounded by a low dielectric constant medium [54]. Yet, Björk et al. 
[53] stated in contrary that “doping deactivation… is a general effect for all doped 
semiconductor materials.” Secondly, it is not easy to achieve uniform introduction 
of foreign elements into 1-D structures as often their dense forest composition, 
extremely high-aspect ratio morphology, and profound layered thickness become 
very huge obstacles for diffusion. Thus, more complex and advanced strategies such 
as atomic layer deposition should be applied in order to cover full length and scale 
of these structures. Thirdly, since most 1-D materials are typically grown vertically 
on the substrate, it is natural to define doping profiles vertically, in contrast to tradi-
tional planar devices. Yet, vertical geometry provides additional challenges for dif-
fusion and ion implantation, the two currently dominating doping methods for 
planar structures and devices [55].

Thus, introduction of both intrinsic and extrinsic defects in 1-D materials might 
be regarded as not an easy task despite those numerous data which were reported in 
literature. In fact, very careful strategy should be used instead as to consider and 
estimate all particularities associated with various aspects of these structures includ-
ing their charge carriers transport, quantum confinement effect, and, especially, the 
influence of their diameter and length.
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3.5.4  Defects in 2-D Materials

Two-dimensional (2-D) materials are those made up entirely of their surface and are 
often only a several atomic layers thick (Fig. 3.5c). Each layer in these materials is 
atomically thin with semi-infinite lateral dimensions, and the layers are separated 
by an opening referred to as a van der Waals gap due to the type of bonding that 
holds the layers together [56]. Electrons in these materials can freely move in x and 
y directions, but they have restricted extension in the third z direction. Owing to 
their atomically layered structure, 2-D materials commonly exhibit some very 
unique features, including extremely high electric conductivity, unprecedented flex-
ibility, greatly enhanced mechanical strength, and superior surface area. For exam-
ple, taking graphene as a representative, its carrier mobility is ∼250,000 cm2 V−1 s−1 
at room temperature, a good optical transparency of ∼97.7%, and its theoretical 
surface area is 2630 m2 g−1 [57]. Defects in 2-D materials can have more far- reaching 
effects than in other related low-dimensional counterpart. This is because nearly all 
its atoms are located on the surface, especially in the case of monolayers, as there 
are no bulk parts in these materials. Thus, alteration of the surface atomic arrange-
ments due to defects can change certain properties dramatically. For example, band 
gap can be precisely tuned via changing orientations of grain boundaries and their 
consequent displacement. It is also possible to create additional optical peaks in the 
visible light range [58]. In turn, it was also reported that introduction of vacancy 
defects can decrease the Young’s modulus making the materials softer, and the con-
sequent vacancy reconstruction can stabilize it. This approach could be applied not 
only to the well-known 2-D materials such as graphene [59], but it has also found 
application in accessing topmost surface of some semiconductor materials such as 
ZnO [24].

As in other low-dimensional materials, formation of defects in 2-D materials has 
certain particularities which need to be addressed. Firstly, given its monolayer 
structures where it consists of only surface atoms, it is much easier to achieve con-
trol over manipulation and arrangement of defects with precision of atomic resolu-
tion. For example, knock-on damage threshold is dependent on chemical composition 
and atomic configuration [60]. Taking h-BN as an illustration, the threshold for 
removing N (84 kV) is higher than that of B (74 kV), and thus, the selective forma-
tion of B vacancies can be realized by irradiating this material with e-beam at ener-
gies of ~80 keV. These boron monovacancies induce the instability of neighboring 
atoms, resulting in capability to tune their presence and concentration. In turn, the 
relatively stable nitrogen atoms remain along the edge of these vacancy clusters 
having zigzag structure; thus, the defects are shaped into triangular-shaped holes 
[61]. Secondly, defects can result in very serious structural changes such as transi-
tion from a crystalline structure to a state approaching a random network or appear-
ance of already amorphous composition [60]. Thirdly, extremely high impact of 
substrate on 2-D materials due to its low thickness makes the doping process a very 
challengeable task. Unlike bulk semiconductors, where the initial several tens of 
angstroms (Å) of material can be discarded, the doping of 2-D layers usually occurs 
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within <7  Å of the 2-D/substrate interface [56]. For instance, Zhang et  al. [62] 
reported that introduction of Mn into MoS2 could only be realized with solid-source 
CVD when graphene is applied as the substrate instead of conventionally used SiO2 
or sapphires (Fig. 3.7) which provides many limitations in analyzing and applica-
tion of this structure. Fourthly, there is absence of currently a universal standard to 
identify the defect concentration including both intrinsic and extrinsic types like 
that used for traditional semiconductor research as various methodologies and anal-
yses are usually applied to achieve it  [56]. In some cases, X-ray spectroscopy is 
employed to calculate their relative concentration, while in other cases cases, visu-
alization images obtained via high-resolution transmission electron microscopy 
(HRTEM) are exploited to count how many atoms were removed or replaced. While 
doing these measurements, it is also highly important to understand what the role of 
the substrate is in the obtained data as often the signal depth from analyzing equip-
ment has much higher depth resolution than the thickness of 2-D material.

In addition, 2-D materials provide unique opportunity to access the mechanism 
of defect-induced process via in situ visualization using common experimental 
techniques such as scanning tunneling microscopy or HRTEM.  For example, 
Kurasch et al. [63] stated that “investigating the underlying mechanism of boundary 
migration in a 3-D material… reserved for computer simulation or analytical theory, 
as capturing the dynamics of individual atoms in the core region of a GB is well 
beyond the spatial and temporal resolution limits of current characterization tech-
niques.” However, these limits can be overcome “by investigating a 2-D material, 

Fig. 3.7 Synthesis of pristine and manganese-doped MoS2 is achieved using (a) traditional pow-
der vaporization techniques. Dimanganese decacarbonyl (Mn2(CO)10) and sulfur (S) are located 
upstream of the hot zone, and molybdenum trioxide (MoO3) and growth substrate are located in the 
hot zone during synthesis. The utilized substrates are (b) graphene and (c) traditional insulating 
substrates (sapphire and SiO2). (Reprinted from Ref. [62] with permission from American 
Chemical Society. Copyright 2015)
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polycrystalline graphene, in an aberration-corrected transmission electron micro-
scope, exploiting the energy of the imaging electrons to stimulate individual bond 
rotations in the GB core region.” Thus, it allows to determine certain particularities 
of defect formation in these materials which also with certain reservation might be 
applied to other low-dimensional structures, compositions, and systems.

3.5.5  Defects in 3-D Materials

Three-dimensional (3-D) materials represent the class of materials that are not lim-
ited to the range of nanoscale in any dimension and direction (Fig. 3.5d). They can 
be introduced in the form of hierarchical structures, accumulation of nanoparticles, 
bundles of nanowires, nanotubes, or nanorods such as nanotrees or nanobushes, etc. 
Compared to other low-dimensional systems, 3-D materials provide a unique mor-
phology, which is expected to have a larger surface area and thus to contribute 
effectively in more efficient transport of reactants and products, so that photocata-
lytic performance can be greatly improved. As there is no quantum confinement, the 
electrons are fully delocalized, indicating that their movement has no restrictions 
and can be proceeded in any direction and dimension. It is very similar to that 
observed for bulk materials; thus, 3-D structures are often called bulk nanomateri-
als, e.g., bulk-sized composition that constitutes of combined presence of nanoscale- 
based elements.

Fabrication of 3-D materials can be realized via assembling compounds with 
lower dimensions into more complex compositions. For example, Sridhar et al. [64] 
created three dimensional “graphene-nanotube-palladium nanostructure” that con-
sists of carbon nanotubes vertically standing on graphene sheets with direct cova-
lent bonding and palladium nanoparticles attached at the top of the carbon nanotubes. 
The resulting structure accumulates the positive properties of each of its compound 
as it showed an ultrahigh redox capacitance due to high porosity, extreme surface- 
to- volume ratio, and redox response of the palladium nanoparticles. Application of 
defect engineering not only plays a significant role in extending the properties of 
these 3-D structures further but also contributes strongly to their successful and 
smooth synthesis. For example, considering the abovementioned study of Sridhar 
et al. [64], it should be noticed that when carbon nanotubes (CNTs) became synthe-
sized, different imperfections, which can be classified as point defects, dislocations, 
or plane defects are assisted in activating the growth of catalytic metal nanoparticles 
serving as their nucleation sites. Furthermore, intentionally designed defects can be 
introduced either in CNTs or graphene in order to increase the strength between 
them to make their sharing of charge carriers more effective and uniform.

However, formation of defects in 3-D materials cannot be considered to be only 
as positive contribution as it is also accompanied by certain particularities which 
need to be considered in order to reach correct projecting of their role and function. 
Firstly, due to composite structures, the general strategy to introduce intrinsic and 
extrinsic deficiency cannot be applied here, and each building block of 3-D materials 
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should be subjected to special treatment protocol supported by carefully designed 
and implemented conditions and requirements. Overall, it creates additional com-
plexness to the experimental procedures and increases its cost and time consump-
tion. Secondly, the development of 3-D materials implies the existence of some 
challenges in applying fundamental and traditional physics toward understanding 
the incorporation and activation of dopants as well as developing the metrics which 
can be used to assess the appropriateness of the created profiles. In addition, it is 
required to formulate new standards to be employed for quantifying them [65]. To be 
clear, focusing on small area analysis and very confined volume hardly can provide 
correct information regarding distribution of dopants and their precise positions in 
3-D materials as due to their uneven spreading, it might bring erroneous conclusion 
regarding their presence. It is especially relevant given possible multilayered or hier-
archical composition of these materials. The same as well can be addressed to intro-
duction of intrinsic defects as their uniform coverage of extremely large surface area 
might not be advanced smoothly simply due to the fact that some of its regions have 
absence of direct contact with surrounding environment as what happened, for 
example, in the case of porous or mesoporous compositions. It requires to create 
additional diffusion of reactive compounds toward them to activate the desired pro-
cessing such as initiating the evacuation of atoms and consequent formation of 
vacancies. Another problem is that target nanostructures often represent relatively 
non-similar materials system which respond differently for the same experimental 
condition. Thirdly, it is not easy to probe the introduction and consequent evolution 
of intrinsic defects as their clear detection might be challenging given that analyzing 
signal might not penetrate deep enough to estimate hidden areas or, oppositely, if it 
is multilayered or hierarchal composition or synchronously detect several materials 
making the interpretation of resulted signal more complicated.

3.6  Final Remarks on Defect Localization

Compositions and structure of materials is a very useful tool to achieve precise and 
accurate control over defect formation. It can also be used for consequent manipula-
tion of their positioning, distribution, concentrations, and other related parameters, 
thus enabling them to be transformed into highly useful additions which are able to 
extend further the existing characteristics of the host materials, transforming it into 
strong photocatalysts. For example, localizing defects within bulk volume or sur-
face layer compounds sufficiently influence their ability to govern the transportation 
of charge carriers. In the former case, it can be greatly deteriorated as defects that 
reside deeply into materials serve as recombination centers, while in the latter case, 
it oppositely sufficiently improved this feature since defects contribute to the 
enhancement of electron-hole separation rate, making them available for reaching 
the adsorbed molecules in a much higher quantity. In turn, changing the dimension, 
structure, or morphology of the materials where defects can be created also might 
be considered as a very attractive choice to precisely adjust their useful features. As 
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an illustration, it is obvious that, within the same level of doping or introduction of 
certain fixed concentrations of vacancies into 1-D and 3-D materials, they would 
serve completely different roles in adjusting their geometrical and electronic com-
positions given their certain structural particularities and morphological features. To 
be more precise, in 1-D materials, these defects have an ability to cause either posi-
tive or negative consequence depending, for example, on the diameter of nanowires 
or nanorods where they are going to be introduced as it brings into play the quantum 
confinement effect. For its part, in 3-D materials, the incorporated foreign atoms 
might be non-uniformly distributed within its structure making their presence hardly 
detectable and thus less influential or oppositely concentrated in very particular and 
the most exposed location within it creating undefined doping gradient. In another 
example, introduction of very low quantity of intrinsic defects in 2-D materials is 
highly sufficient to turn it into a very efficient compound given that all its atoms are 
located in the surface, and recombination process occurring in bulk can be simply 
avoided due to its absence as physical matter. In exchange, presence of vacancies or 
self-interstitials in 0-D materials is determined by their positioning whether on their 
surface or in its center where the latter location was discovered to be more influen-
tial than the former one in terms of further advancement in materials properties.

Thus, based on these examples, it is obvious that successful application of defects 
engineering cannot be considered without its close correlation with basic principles 
of material design and synthesis as not only defect itself determines their own func-
tionality, usefulness, and practicability but also the type of structure or composi-
tions where they are introduced, and their precise locations within them also plays 
an important and crucial role. Yet, in order to efficiently apply this strategy, deep 
knowledge and clear understanding of the defect positions, its spatial spreading, and 
correlation with internal atoms of host compound should be realized as without it, 
the attempts become more similar to try-and-error pathway. Another issue which 
needs to be considered is that analysis of defects often cannot be promoted correctly 
given the difficulties of accessing materials with certain morphologies and struc-
tures. In this case, application of more simplified constitution (only in terms of their 
morphologies leaving aside physical, chemical, and other related characteristics) 
might perfectly satisfy these requirements as, for instance, what happens via using 
2-D structures whose planar and open spacing along with localization of all atoms 
at the range of visuality allows to clearly observe almost all processes happening 
within it. Later, it can be projected on more complex and advanced structures such 
as 1-D and 3-D materials.
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Chapter 4
Analysis of Defects

4.1  Introduction

In the last years, photocatalysis has been regarded as sustainable, pollution-free, 
relatively cheap, and accessible technique which can achieve reactions that previ-
ously were considered to be proceeded mostly under highly extreme and very spe-
cific conditions such as dye degradation, water splitting, CO2 reduction, nitrogen 
fixation, etc. Their industrial-supported realization currently results only in very low 
effectiveness and leads to consumption of enormous amount of external energy. 
However, despite very bright perspectives of this light-inducing processing and 
those numerous efforts which are applied worldwide to implement it practically, it 
is not easy to find the materials which can be used to govern photocatalytic reactions 
at sufficient and expected level as certain requirements need to be fulfilled to make 
its application feasible and reliable. For example, TiO2 due to its nontoxicity, low 
cost, chemical stability, and strong capability to perform various redox reactions is 
considered to be one of the most promising semiconductors to be used. Yet, it also 
suffers from serious drawback such as inability to absorb visible light or extremely 
high recombination rate of photo-induced charge carriers. As it was demonstrated in 
previous chapters, employment of defect engineering might be a very attractive tool 
to resolve these problems and to make TiO2 not only achieve a desirable level of 
photocatalytic performance but also sustain it for a determined and prolonged 
period of time. Simply put, adjusting and altering its morphology, composition, and 
specific structural particularities via introduction of certain defects brings sufficient 
modification and evolution of its geometrical and electronic configurations. Yet, to 
effectively realize this processing and make its optimization become practically fea-
sible and productive, there is a strong need in the search for optimum access toward 
tracing and identifying changes which brings the introduction of intrinsic or extrin-
sic defects into it but also to identifying their concrete and precise presence of, 
including fixed position, concentration, and other related characteristics, so as to 
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understand in which direction the experimental proceeding and its accompanied 
theoretical assessment is supposed to be pushed forward in order to reach the desig-
nated goals toward further advancing of photocatalytic performance.

In fact, it is a very nontrivial and challengeable task since detecting various 
defect-related configuration and compositions might be very tricky and difficult due 
to their elusive and extremely diluted nature such as that which possesses oxygen 
vacancies created in metal oxides [1]. Thus, several well-established methodologies 
are usually applied to probe their existence and presence. Firstly, it is very common 
and acceptable that evidences of defect introduction especially the ones which have 
intrinsic nature can be obtained via indirect measurements, particularly following 
changes in various characteristics of material including its optical, electrical, mag-
netic, etc. properties. For instance, introduction of oxygen and zinc vacancies in 
ZnO causes extension of absorbance edge toward visible wavelength and also 
increases the number of photons with energies of UV range which can be caught. In 
turn, the presence of these defects also can be identified via shifts in conductivity of 
ZnO given that oxygen vacancies have clear donor-like features, while zinc vacan-
cies demonstrate very pronounced acceptor-like behavior. Though this methodol-
ogy is widely used, it cannot be considered as the most optimal choice since these 
changes often are hardly possible to be attributed as has been caused by only defect 
formation and also might be reasoned though occurrence of other processes happen-
ing within material. Returning back to the above example regarding ZnO, to create 
vacancies, it is required to use a very defined treatment protocol such as thermal 
annealing in hydrogen or vacuum at 300–400 °C which likely also influences the 
appearance of self-interstitials or other types of imperfections, not mentioning the 
changes in morphology or structure due to thermal stress. Thus, they also might 
contribute to the alternation of electrical or optical properties. Secondly, another 
approach to detect the presence of defects is related to direct analysis of their pres-
ence via specialized instruments and techniques. Even though it has advantages 
over that of indirect measurement, it also cannot be considered as totally ideal 
approach due to existence of some substantial drawbacks which put very specific 
restrictions on complete and full assessment of obtained data and its correct inter-
pretation. As an illustration, spectroscopic analysis can be used not only to probe 
existence of intrinsic defects but also to access their concentration whether via 
counting related chemical bonding as it is realized by X-ray spectroscopy analysis 
(XPS) or by qualitative estimation of the influence caused by their appearance on 
rearrangement of surrounded atoms as it proceeded in case of Raman spectroscopy. 
However, this information often cannot be delivered in absolute values as those 
instruments rather taking the role of matching tools which are used to make com-
parison with original defectless sample and thus are more suitable for relative iden-
tification. In another case, direct visualization can be realized via microscope 
analysis, and it allows to clearly identify the existence of defects and even trace their 
motions and consequent evolution, yet it has very distressing limitation. Simply put, 
this approach only enables to be used within the range of highly localized domain 
due to small area of analysis and it leaving aside most of sample’s volume thus mak-
ing it less suitable for non-homogeneous compounds and compositions.
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Following it, in this section, extensive overview of available instruments and 
techniques used to detect defects in semiconductor is provided in order to reach full 
understanding on which requirements need to be applied to create the conditions of 
analysis that allow to achieve proper access to desired dataset and its consequently 
correct interpretation. It has to be noticed that the main focus of this chapter is 
mostly dedicated to the description of only those techniques whose recognition and 
constant application transformed them into very common and readily available 
instrumentations that allow delivery of information easily accessible by most of the 
scientific community. Definitely, identification of defects in terms of applied instru-
ments and techniques which is laid beyond those criteria such as thermal analysis is 
also represented, yet in very brief basis. It is explained, simply, by the fact that their 
adoption for widely spread utilization and/or the data they provided might not reach 
the levels that make them become broadly recognized as effectively operative tools. 
In addition, one also needs to consider that certain restrictions such as complexness, 
price, limit of accessibility in certain areas, and research groups also have very spe-
cific impact in their less frequent appearances in reported literature.

4.2  Electron Microscopy, Surface Scan, 
and Visualization Techniques

4.2.1  Transmission Electron Microscopy

Transmission electron microscopy (TEM) can directly imagine atoms by transmit-
ting electrons through a specimen at high resolutions given that their de Broglie 
wavelength reaches down to 0.01 nanometers for relatively manageable speeds. Out 
of several types of TEM, spherical aberration corrected high-resolution transmis-
sion electron microscopy (Cs-corrected HRTEM) and spherical aberration corrected 
scanning transmission electron microscopy (STEM) deserve great attention and 
became the most widely applied techniques. In this regard, the latter technique can 
be used with different detectors to obtain high-angle annular dark-field (HAADF), 
annular bright-field (ABF), and annular dark-field (ADF) STEM images, all of 
which are highly effective and demonstrate better image resolution, sensitivity, and 
improved signal-to-noise ratios as compared with conventional TEM and high- 
resolution TEM [2]. Figure 4.1a shows Cs-corrected TEM image of rutile TiO2 and 
its reduced analogy where small black and large white dots are considered to be the 
positions at which individual atoms of titanium and oxygen, respectively, are 
resigned. The formation of oxygen vacancies was regarded as missed white dots [3]. 
Following it, one might notice that titanium oxide that is available in the form of 
TinO2n−1 is often called as Magneli phase [1].

It would be inaccurate to think that other types of TEM cannot be used to trace 
the formation of defects even though it provides certain complications in their cor-
rect identification as additional manipulation over obtained data is required. For 
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example, Ding et al. [4] performed the analysis of ZnO nanobelts and discovered the 
existence of black spots within the crystal lattice. To determine whether it belongs 
to zinc or oxygen vacancies, real HRTEM image had to be combined with the simu-
lated one based on atomic model of superstructure. It was revealed that the “contrast 
change is only sensitive to the missing Zn ions” (Fig. 4.1b). As for indirect measure-
ment, TEM can allow to evidence the defect-induced lattice distortion such as 
appearance of amorphous shell with a thickness of ~1–2 nm around the crystallite 
core due to presence of oxygen vacancies (Fig. 4.1c) [5] or existence of amorphous 
packets caused by accumulated dislocation as a results of metal doping (Fig. 4.1d) 
[6]. In addition, this analysis also can be utilized to monitor not only the increase/
decrease of lattice constant which can serve as evidence for the shrinkage or 

Fig. 4.1 (a) Experimental image of TiO2 and a reduced titanium oxide (TiOx) area. The upper right 
is a TiOx phase, and the lower left is TiO2. (Reprinted from Ref. [3] with permission from IOP 
Publishing. Copyright 2006) (b) HRTEM image of ZnO nanobelt. The inset is a simulated image. 
White arrowheads show defect area induced by zinc vacancies. (Reprinted from Ref. [4] with 
permission from Elsevier. Copyright 2006) (c) HRTEM images of the reduced ZnO1−x showing 
existence of amorphous shell. (Reprinted from Ref. [5] with permission from The Royal Chemical 
Society. Copyright 2013) (d) HRTEM image of Zn-doped TiO2 nanotubes. Inset is the enlarged 
Fourier reconstructed lattice image of the area marked by the yellow square. White circles show 
amorphous packets, while “⊥” symbols are designated for trapped dislocations. (Reprinted from 
Ref. [6] with permission from The Royal Chemical Society. Copyright 2015)
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expansion of crystal lattice due to introduction of foreign atoms but also to follow 
the overall quality of crystal lattice via construction of diffraction pattern as it is 
inevitably related to changing the level of introduced deficiency.

4.2.2  Scanning Probe Microscopy (SPM)

4.2.2.1  Brief Overview of SPM Techniques

Recent achievements in scanning probe microscopy (SPM) have triggered extensive 
interest for this technique to be actively applied for investigation of atomic-scale 
defects and their influences on structural changes in morphology and various fea-
tures. Generally, the mechanism of using SPM is fully reliant on quantum tunneling 
effect which allows electrons to escape from the tip in order to be directly trans-
ferred or “tunneled” toward the surface of target material where they can resign in 
the regions of space that originally are not permitted for them based on rules and 
concepts of classical physics. The probability of finding such tunneling electrons 
has exponentially inverse proportionality to the distance from the surface, i.e., the 
farer the surface, the lower is the current and opposite. Thus, changes in morphol-
ogy, even within the sub-nanometer scale, have very determined influence on the 
strength and quality of the current. In this regard, this technique allows to trace 
atomic arrangement of the surface with precise accuracy. It is also necessary to 
notice that the sharper the tip, the more efficient is the emission of electrons, and the 
higher is the resolution of obtained images. There are several modes of SPM mea-
surement which include contact, non-contact, and semi-contact types. These nam-
ing determines their basic principles of operation which define the type of tip 
interaction with the surface of sample during analysis. Following it, in this chapter, 
we only consider those of non-contact mode, as the other two might in some degree 
influence the shape and forms of morphological features and its partial deformation 
which is likely to lead to appearance of additional unrecognized and unexpected 
outcomes. Out of various SPM techniques reported in literature, scanning tunneling 
microscopy, atomic force microscopy, Kelvin probe microscopy, and conductive 
force microscopy deserved special attention as they often are used to determine 
presence of defect via direct and indirect measurements thus providing valuable 
information regarding their localized appearances and consequent influences in the 
specific characteristics of materials. Yes, this methodology is only applied to the 
topmost surface a depth of several atomic layers which in some cases can be consid-
ered as advantage and disadvantage depending on the goal of analysis and structure 
which it is subjected for. More details are provided below as they should be speci-
fied for each of the SPM types.
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4.2.2.2  Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy (STM) is considered to be a highly unique tool to 
define the structure and compositions of intrinsic defects such as vacancies via 
straightforward observation of changes within the surface as it has integration of 
atomic scale resolution with localized spectroscopic potential. It is also can be used 
to visualize the presence of doped elements and to follow their distribution and 
consequent influence on changes of crystal lattice via accompanied processing such 
as formation of intrinsic defects, lattice distortion, etc. [7]. Furthermore, this tech-
nique allows to create defects such as oxygen vacancies in TiO2 with very high 
precision and then realize their diffusion and desorption simply by applying various 
types and duration of pulse on sample [8]. Overall, numerous works currently avail-
able in literature, for example, review article by Diebold [9] and references there, 
demonstrate that successful application of SPM to detect various types of surface 
defects in semiconductor materials is a great methodology to investigate deeply 
their related characteristics and behavior and to understand how the morphological 
composition becomes altered following their existence and possible evolution.

Yet, despite these great achievements, realization of successful STM analysis 
might not be an easy task due to several limitations which need to be seriously con-
sidered in the course of its proceeding. Firstly, it is only applicable to materials 
whose conductivity is defined as sufficient enough to allow the quantum tunneling. 
Secondly, the interpretation of STM experimental results is often complicated given 
the fact that tunneling current has dependency not only on the topography of the 
surface but also on the local electronic structure as its variation is correlated with 
certain unexpected phenomenon such as presence of reconstruction sites or exis-
tence of various in-gap surface states with defined energies [10]. Thirdly, it is often 
complicated to define the nature of observable defects, i.e., whether it is intrinsic or 
extrinsic type, as they have very close resemblance during actual STM measure-
ment despite their absolutely opposite origins that cause to initiate them. Taking 
CeO2 as illustration [11], it was discovered that observed oxygen vacancies have 
high similarity to fluorine impurities and hydroxyl groups that are available on its 
surface in sufficient quantity and, therefore, are difficult to be distinguished based 
only on their visualization alone. Thus, additional approach is supposed to be used 
for defining their separate and unique existences which is usually relied on under-
standing the differences in their mobilities, relative concentrations in the surface 
and sub-surface layers, and tendency to form clusters in the surface layer. For exam-
ple, STM measurements can be inevitably accompanied by theoretical simulation 
which highly assists in correct and adequate interpretation of atomically resolved 
images. The successful application of this methodology was demonstrated by Cui 
et al. [12] who investigated Mo-doped CaO film and determined by means of DFT 
calculations that experimentally observed defect features were connected to typical 
point defects in the CaO lattice. Fourthly, STM investigations are only meaningful 
for so-called model systems, i.e., well-characterized, usually single-crystalline sur-
faces, and under tightly controlled environments, normally in ultrahigh vacuum 
(UHV) [13]. Thus, additional checking is required to access the applicability of 
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these results to the real systems which are often kept under standard conditions of 
ambient pressure. Fifthly, analyzed defects due to their positions within proximity 
of the surface might have certain and very specific particularities which often create 
some difficulties in describing them as very unique surface-based features since 
they also often have partial or even full resemblance to that localized in bulk com-
position [14]. Overall, it can be said that this analyzing tool is very attractive as it 
provides direct observation defects. Yet, to achieve its high precisions and applica-
bility to real systems requires additional efforts.

4.2.2.3  Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) is a respected member of the family of scan-
ning probe microscopes, and it is able to measure surface characteristics of various 
materials such as morphology and mechanical properties at nanoscale or even sub- 
nanoscale level without relying on their conductivity as it happened in the case of 
abovementioned STM.  Compared with conventionally used scanning electron 
microscopy, AFM has the following advantages: more accurate topographical con-
trast, direct height measurement and unobscured view of surface features, and need-
lessness of any additional coating [15]. Another important feature of this instrument 
is that it can be used to quantitatively access the surface morphology in terms of its 
roughness, depth profile, etc. thus making the comparison between samples to be 
more correct and accurate as it does not rely only on visual observation.

In the non-contact mode and its improved version called tapping mode, the can-
tilever is held in the order of tens to hundreds of angstroms from the sample surface, 
and the interatomic forces between the cantilever and the sample are determined as 
a result of the long-range van der Waals interactions. The difference between these 
analyses is that while for original non-contact mode, the oscillations are usually 
limited solely by attractive force and are very low in frequency, in turn, during tap-
ping, the cantilever has closer presence to sample surface and higher frequency of 
oscillations; thus, it might also cause the appearance of repulsive forces, so the tip 
intermittently touches or taps the surface [16]. Tapping mode has advantages over 
that of original non-contact mode which is that it provides improved lateral resolu-
tion of soft samples [15]. In addition, during AFM measurement, regardless the 
used mode, it is possible to obtain phase imaging which demonstrates differences in 
surface properties based on variation of composition, elasticity, adhesion, friction, 
electrical characteristics, and magnetism [17]. Therefore, this mode can give valu-
able information about existence of several different compounds within the compo-
sition of investigated materials even though its height analysis shows very uniform 
distribution of roughness profile.

AFM analysis is often used to indirectly access the formation of defects, as their 
introduction often causes the disruption of surface and leads to increased roughness 
profile as what happened, for example, in the study by Gurylev et  al. [18], who 
investigated the formation of oxygen vacancies in TiO2 thin films via hydrogenation 
at temperature range of 350–500  °C.  It was discovered that roughness became 
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higher following the gradual escalation of the temperature during thermal treatment. 
This process is likely governed by continuous minimization of energy and conse-
quent searching of new equilibrium that can only be realized via mass perturbations. 
In turn, phase imaging also might be used to understand the presence of defects 
especially the ones which are categorized as doping. Following the contrast, it is 
possible not only to trace the appearance of new phase, its spreading across the 
sample surface, and localized concentrations but also to reach some control over its 
development via external treatment procedure [19]. Yet, correct interpretation of 
phase images remains to be difficult. Simply put, often, it is not easy to verify that 
transformation of original homogeneity into heterogeneity can be directly attributed 
to the intrinsic or extrinsic deficiency as other related and non-related effects also 
should be considered.

4.2.2.4  Kelvin Probe Force Microscopy (KPFM)

Kelvin probe force microscopy (KPFM) was firstly demonstrated in 1991, and it is 
an imaging approach based on atomic force microscopy combined with well-known 
Kelvin probe method which is a vibrating capacitor technique. KPFM permits to 
analyzing the contact potential difference (CPD) between two materials at the 
nanoscale that are placed in parallel and to obtain a quantitative measurement of the 
surface potential with lateral resolution below 50 nm and potential resolution below 
10 mV [20]. Thus, unlike other detection methods, KPFM enables characterization 
of local electrical properties at subtle and complex areas such as interfaces in nano-
materials and junctions in semiconductor devices and almost has no limitation 
regarding specifications and particularities of morphology. Utilization of a conduct-
ing cantilever with an extremely sharp tip ranging from 10 to 25 nm in radius allows 
to achieve it [21].

The principle of KPFM operation is as follows [22]. When an AFM tip is brought 
close to the surface of sample, an electrical force is generated between them as a 
result of difference in their Fermi energy levels. To establish the equilibrium, it is 
required that these Fermi levels become aligned at steady state, which can only be 
proceeded by means of electron tunneling between sample surface and tip. It is usu-
ally realized upon applying electric contact, at which point the electrons begin to 
flow in the direction of the lower to the higher Fermi level, and the system finally 
arrives to equilibrium state. As a result, the tip and sample surface getting charged 
and contact potential difference (VCPD) appear, i.e., the difference in work functions 
of the tip and the sample which is formed due to non-similarity of their vacuum 
energy levels even though the positions of Fermi levels become aligned [22]. It has 
to be noticed that external bias can be applied between tip and sample to cancel the 
VCPD. Schematically, this processing is shown in Fig. 4.2 where work functions of 
the sample and tip are designated as φs and φt, respectively. Since the work function 
of commercially available tips is already known, the work function of the sample 
can easily be collected from the Kelvin method. It is important to notice that the bias 
(VDC) is applied to the sample (+) or the tip (−) has different signs.
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As measured value of VCPD represents the statistical distribution of electrons in 
quantum states, and given its direct proportionality to the donor concentration [23], 
KPFM is often used to analyze the relative or absolute concentrations of not only 
already existing charge carriers but also the ones which were added into material via 
external processing or pathways due to introduction of intrinsic or extrinsic defects. 
Furthermore, their distribution, transfer characteristics, recombination rate, and 
lifetimes could also be accessed easily and, in addition, correlated with changes in 
surface morphology and accompanied variation of phase composition. Following it, 
commonly applied KPFM instrumentation is considered as an important tool to 
indirectly measure the presence, nature, availability, and distribution of defects in 
surface via probing its electronic properties. For example, Tosun et al. [24] investi-
gated WSe2 treated by mild plasma treatment (He or H2) and discovered through 
measuring surface potential that energy balance was broken and Fermi level shifted 
toward conduction band for 200 mEv which corresponded to increasing the electron 
doping concentration by ~2200. These perturbations were attributed to the domi-
nated formation of selenium vacancies. Later, this supposition was fully confirmed 
by other analysis. In turn, it also can be applied to measure how the work functions 
and, thus, the concentration of charge carriers is shifted due to the doping as it was 
demonstrated by Ben et al. [25] who determined that its value in As-doped ZnO 
nanorod is ~95 meV higher than that of undoped ZnO nanorods. Furthermore, based 
on quantitative estimations, KPFM also can be used to calculate the doping concen-
tration and its type and also provide spatial resolved distribution map that shows 
localized residence of foreign atoms and its resolution depth are only dependent on 
the quality of measurement [26].

Several words need to say about direct visualization of defects via KPFM. Even 
though, it might become a powerful tool to detect their electrical characteristics, this 
analysis could be proceeded only via specially designed atomic-resolution imaging 

Fig. 4.2 Electronic energy levels of the sample and AFM tip for three cases: (a) tip and sample are 
separated by distance d with no electrical contact, (b) tip and sample are in electrical contact, and 
(c) external bias (Vdc) is applied between tip and sample to nullify the CPD and, therefore, the tip- 
sample electrical force. Ev is the vacuum energy level. Efs and Eft are Fermi energy levels of the 
sample and tip, respectively. (Reprinted from Ref. [22] with permission from Elsevier. 
Copyright 2011)
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and requires utilization of ultrahigh vacuum setup. Thus, it is practically a more 
complex process and might not suit well for a variety of materials. For comparison, 
measuring of surface potential in Refs. [23] and [25] was performed at room tem-
perature and atmospheric conditions which makes accessibility of this analysis for 
everyday use highly attractive.

4.2.2.5  Conductive Force Microscopy (C-AFM)

Conductive atomic force microscopy (C-AFM) is based on the setup of AFM with 
only significant particularity being that the applied tip usually is covered with layer 
of conducting material such as PtIr5, Pt, etc. Thus, when the tip-surface nanojunc-
tion is subjected to voltage difference, current flows through both metal-coated tip 
and the conducting sample, and it is used to construct charge distribution profile of 
the surface [27]. For clarification and simplified interpretation, the value of this cur-
rent is considered as proportional to the surface conductivity or surface density of 
states and can be used as comparison between various samples given that the applied 
voltage is the unchanged. At the same time, AFM can still be utilized in its standard 
modification by vibrating the tip synchronously along with conducting mode to 
perform the topographical projection. It allows to compare and correlate variations 
in strength of current signal with surface-based morphological particularities and 
features on the basis of one to one. It is important to notice that two different analy-
sis systems are used to perform both of these modes, i.e., pre-amplifier is employed 
to obtain current imaging and piezoelectric sensor attached to the cantilever allows 
to trace the morphology [27]. It is more an advantageous strategy than that used, for 
example, in STM, where both images are constructed via similar processing, 
namely, current appeared between tip and sample. However, while STM is well- 
known for many years to provide true atomic resolution on oxides, the resolution of 
C-AFM very seldom enables to overcome the limitation of nanoscale range. In addi-
tion, c-AFM allows to be used not only in imaging mode but also as a tool applica-
ble for spectroscopic analysis as it can proceed with the creation of corresponding 
I-V curves at designated location of surface.

Application of this instrument to detect formation of defects mostly relies on the 
indirect measurement where the areas with higher or lower conductivities within 
2-D/3-D mapping are usually attributed to the presence of intrinsic or extrinsic defi-
ciencies. Comparing to topographical images allows to estimate their localization 
and spreading intensities within the compositions and structure of samples thus pro-
viding an access to control over them via changing the morphological characteris-
tics. For example, Zhang et al. [28] investigated Cu-doped NiO via c-AFM. It was 
discovered that average current of samples increased following the rising of Cu 
content and reached the values of 2 nA, 14.1 nA, 47.6 nA, and 43.1 nA for pure, 
1 mol %, 5 mol %, and 10 mol % doped NiO, respectively, under the bias of 1 V.

In turn, given that c-AFM usually accesses the topmost surface of samples at the 
depth of only several atomic layers, its combination with KPFM which also pos-
sesses very similar characteristics of measurement can be used to probe and verify 
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surface conductivity in terms of charge carrier concentration and its type via non- 
contact approach. It is especially important given that this kind of examination is 
highly demanded as currently the only available option is to use bulk analysis which 
definitely has certain limitations in providing access to systematic investigation of 
surface. For instance, the measurement achieved by Hall effect to determine the 
type of conductivity and calculate the concentration of charge carriers is relevant 
only to the whole body of structure and, hence, could hardly be used to achieve any 
valuable information regarding the processes occurred within the surface layer. 
Another example of bulk analysis which is widely employed to detect the electrical 
properties including the sign of detected charge carriers is the use of back-gate field- 
effect transistors. Yet, this approach is unable to determine whether the detected 
signal is coming from bulk or surface which sufficiently restricts its application due 
to sensitivity issue. Besides, it is important to state that both analyzing techniques 
should have a direct contact with the sample in order to be proceeded correctly, and 
it might seriously deviate the absolute values of surface conductivity and result in 
incorrect data acquisition given that possible destruction and damage of certain 
morphological features are likely to occur. In this regard, Gurylev et al. [23] inves-
tigated ZnO exposed to hydrogen plasma using combination of c-AFM and KPFM 
observations and discovered that average current increases following the treatment 
time, while its Fermi level shifts to valence band. Interpretation of this data led to 
the conclusion that increased conductivity can be referred to the proportionally 
raised concentration of holes due to dominated presence of acceptor centers, which 
transformed the surface of ZnO from n-type to p-type. Given that the both KPFM 
and c-AFM techniques as mentioned above can only probe the topmost surface at a 
depth of only several atomic layers, the bulk of the film remained to be n-type. It 
was discovered that appearance of acceptor-like zinc vacancies might be the main 
reason of observed n → p transition.

4.2.3  Another Microscopy Analysis

Apart from the abovementioned well-known microscopic techniques whose wide 
applications deserved numerous attentions in literature, there exist other less uti-
lized but nevertheless also highly important visualized methodologies which 
deserved to be mentioned and shortly discussed.

 (a) Peak-force tunneling AFM (PF-TUNA) mode. This type of measurement is 
exclusively delivered by Bruker Corporation and is based on quantitate acquire-
ment of various important mechanical properties such as adhesion, modulus, 
deformation, and dissipation during analysis of current imaging within surface 
profile. The constructed maps are treated as conventional AFM channels and 
can be displayed and analyzed together with topography [29]. Given that the 
formation of defects usually results in degradation of crystal quality and its 
consequent “softening,” it is possible to use these mechanical characteristics to 
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access localized appearances of intrinsic or extrinsic deficiencies with a depth 
resolution of only several atomic layers. For example, this strategy was success-
fully applied by Gurylev et al. [30] who employed variation of surface elastic 
modulus to visualize the distribution of accumulated defects on the topmost 
surface of ZnO and demonstrated that correlation between the surface morphol-
ogy and their densities could be established (Fig. 4.3).

 (b) Confocal fluorescence microscopy. This technique provides images of sufficient 
resolution and contrast to visually observe defects and enables to construct 
three-dimensional projections via combining a series of two-dimensional 
images of cross sections through an object [31]. For instance, Ameloot et al. 
[32] utilized this approach to detect defect formation in metal polycarboxylate 
metal-organic framework during synthesis.

4.3  Spectroscopy Techniques

4.3.1  Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance (EPR) also regarded as electron spin resonance 
(ESR) spectroscopy is an extremely important and effective analysis to probe mate-
rials which demonstrate the existence of unpaired electrons. The basic concepts of 
this technique are very similar to that used by nuclear magnetic resonance spectros-
copy, but instead of exciting the spins of atomic nuclei, in EPR, this action is applied 
to electron spins. Simply put, with applying the external magnetic field at a strength 
of B0 to the materials that have unpaired electrons, it leads to their splitting for lower 
and upper states that possess magnetic spin quantum numbers (ms) of ±1/2, and it 
depends on the alignment of the electron spin, S, either parallel (high-energy) or 
antiparallel (low-energy) to the magnetic field direction [33]. Both states are 

Fig. 4.3 Two-dimensional distribution of elastic moduli (a)–(d) of as-deposited and hydrogenated 
ZnO thin films. The higher is the temperature of treatment, the more surface defects are produced, 
and the softer the materials become. (Adapted from Ref. [30] from with permission from PCCP 
Owner Societies. Copyright 2016)
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factor and μB is the Bohr magnetron equaled to 5.788 × 10−5 eV/T. As can be seen, 
splitting of electrons follows the increased strength of external magnetic field. This 
physical phenomenon is called as “Zeeman effect.” To make their transition from 
the lower to the upper level, it is necessary to introduce photons with required 
energy (the conditions of △E = hυ should be fulfilled) into the system and to make 
them become absorbed by these separated electrons. It also works vice versa as the 
emission of photons with similar energies can make electrons “fall down” from 
upper to lower level. Thus, the fundamental equation of EPR could be rewritten in 
the form of hυ = gμBB0 where h represents Plank constant. It is very commonly 
accepted that the first derivative of the EPR signal is reported for the analysis.

A lot can be said about sensitivity of detection. It is proposed that the minimum 
detectable number of electron “spins” is proportional to υ(−7/2) . Yet, in real experi-
mental systems, the maximum operating frequency is limited by more practical 
features such as availability of large enough magnetic fields, its homogeneity over 
the whole volume of a measurable sizes and dimension within the sample, etc. [34]. 
EPR spectrometers usually operate at several frequencies among which the follow-
ing are considered to be the ones most applicable: K-band at 24 kMc/sec (GHz), 
8 kG; Q-band at 34 kMc/sec (GHz), 12 kG; X-bands at 9.5–9.8 kMc/sec (GHz), and 
3.3. kG. Other bands and specifications are also sometimes utilized depending on 
the target of analysis. Thus, it is evident that EPR technique is considered to be a 
branch of microwave spectroscopy. Yet, application of these frequencies imposes 
certain limitation in using EPR toward materials with volumetric sizes within 
nanoscale and sub-nanoscale ranges. For example, traditional employing of wave-
guide X-band results in inductive detection sensitivity reaching only range of 1011 
spins at ~9 GHz at room temperature [35]. Bearing in mind that spin density is 
directly proportional to the amount of analyzed materials, it is obvious that this 
technique is mostly applicable for analysis of powders and film with high thickness 
and can hardly be used to probe thin film. This concern can be supported by the fol-
lowing estimation. For example, the spin density of amorphous TiO2 is ~4.5 × 1016/
cm3 as it was reported in Ref. [36]. The EPR analysis usually requires the minimum 
spot area of ~2 × 10 mm2 to make signal become fully absorbed by sample. A sim-
ple calculation reveals that in order to obtain useful information from EPR analysis, 
the minimal thickness of TiO2 thin film in this case should be within ~110  nm 
or higher.

The features of an EPR spectrum which yield useful information that can be 
applied in evaluation of the materials is collected under two main headings 
which are:

 (a) g-factor—determines the value of the magnetic field at which the resonance 
might be observed for a designated operating frequency. It is very general that 
experimentally observed g-factors for defective materials usually lie in the 
range of ~1.7 to ~2.
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 (b) Intensity—the integrated intensity of a spectrum observed in EPR is directly 
proportional to the number of paramagnetic complexes participating in the res-
onance process [34].

The identification of defects regardless of their existence as intrinsic or extrinsic 
natures is perhaps one of the most interesting and studied applications of EPR, and 
in many cases, it is able to yield valuable information regarding their nature, con-
centration, positioning, and consequent evolution with changing of applied condi-
tions. For example, Stefan et al. [37] investigated Mn-doped ZnO and revealed via 
EPR that localization of Mn ions in ZnO is realized in the form of three different 
configurations. Furthermore, it was also possible to quantitatively calculate the ratio 
of Mn ions in each of them. In turn, EPR also can be used to detect intrinsic defects 
such as oxygen vacancies in ZnO [5].

Yet, it is important to notice that EPR as analysis tool has certain drawbacks 
toward probing some specific materials which need to be mentioned as ignoring 
them might lead to incorrect interpretation of obtained result. For example, men-
tioned above ZnO are three different types of oxygen vacancies (VO), i.e., with neu-
tral, +1, and +2 charge states, and it is evident that only VO with +1 charge could be 
detected by EPR as this defect has a paramagnetic nature and perfectly suit a band 
at g-factor of ∼ 1.99 [38]. In turn, theoretical calculations demonstrated that oxygen 
vacancies in ZnO are only stable in +2 or neutral charge states, while charge +1 was 
determined to be thermodynamically unstable [39]. To generate them, highly meta-
stable conditions should be realized. Once produced and detected, Vo

+

 remains cer-
tain time within the ZnO and later gradually decays into +2 or neutral charge states 
[38]. Thus, it might be challenging to say that only a certain fraction of oxygen 
vacancies exist in ZnO based solely on EPR analysis as it cannot detect their more 
stable majority due to paired electron configurations.

Finally, it is necessary to comment very popular claim in literature that distribu-
tion of surface vacancies can be easily identified by EPR spectroscopy [40]. In fact, 
to realize this scenario, the use of probe molecules is highly required as only due to 
this it allows to make this measurement become surface sensitive [41]. Yet, its appli-
cation was seldom mentioned. In the absence of it, the employment of EPR in its 
standard setup is limited by examining the condition of whole sample. It means that 
it allows to verify the presence of defects without straightforward interpretation of 
their positioning whether in surface or in bulk if only other instruments and tech-
niques were used to identify with precise accuracy the attribution of particu-
late signal.

4.3.2  Positron Annihilation Spectroscopy (PAS)

Positron annihilation spectroscopy (PAS) is a well-established nondestructive high- 
sensitivity approach for selective detection and quantification of open volume sites 
in semiconductors presented in the form of voids, vacancies, and dislocations. 
During analysis, the sample is irradiated by a radioactive source, such as 22NaCl, 
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which emits high-energy electrons with positive charges e+, called positrons. It has 
to be noticed that maximum penetration depth of such positrons is within the range 
of ~0.1 mm; thus, this analysis hardly can be attributed to the surface-based approach 
as it mostly provides information about the bulk composition. Once the positron is 
penetrated into solid, it rapidly loses a sufficient part of its kinetic energy, making 
its motion similar to the diffusion of free particle until it comes in the immediate 
vicinity of an electron. The electromagnetic interaction between them results in 
complete annihilation of e+-e− pair leading to release of gamma photons which than 
can be detected [42]. Thus, the positron lifetime can be estimated as the difference 
between its birth and death, and it usually equals to the range of 100–400 ps (10−12 s) 
for crystalline solids, but exact value is strongly influenced by the localized elec-
tronic environment around it [43]. To be clear, its trapping in the vacancy sites can 
lead to the appearance of two phenomenon influencing standard annihilation pro-
cess: (1) the average lifetime of the positrons can be prolonged, and (2) the energy 
spectrum of the emitted gamma rays can demonstrate certain variations [44]. Simply 
put, vacancy represents a region with lower electronic density which means that 
probability to encounter electrons there is much lower compared with that of defect- 
free areas. Thus, the existence of positron can be extended for longer duration. 
Furthermore, their lifetime is sensitively dependent on the size and even the con-
figurational structure of the vacancy clusters as they have clear correlation with each 
other, i.e., the larger the size of vacancy, the more dissipated is its electron density, 
and the longer is the lifetime of positron [45]. In turn, the effect on the gamma spec-
trum is ascribed to the electron momentum distribution around the positron. The 
velocity of the electrons affects the gamma ray spectrum by the Doppler effect [44]: 
faster electrons result in larger Doppler broadening of the annihilation line in the 
gamma spectrum, while slower electrons only lead to reduce its width. Following it, 
application of PAS toward investigation of defects is usually realized via two major 
setups perfectly satisfying the representation of these effects: positron annihilation 
lifetime spectroscopy (PALS) and Doppler broadening spectroscopy (DBS).

It is interesting to notice that theoretically, PAS can only detect neutral or nega-
tively charged defects, while their positive charged counterparts could not effec-
tively trap positrons during their lifetime in a semiconductor [46]. Following it, it is 
very common to use this approach for investigation of acceptor-like vacancies 
which mostly represent metallic nature. For example, PAS enabled to demonstrate 
the existence of gallium vacancies in Ga2O3 given that they are generally available 
in the charge state of −2 [47]. Yet, it would be incorrect to say that probing anion 
vacancies is completely forbidden by this analysis as their presence in some semi-
conductors such as TiO2 and ZnO can be realized in neutral form [38]. Hence, it 
becomes possible not only to identify them but also to quantitatively access their 
concentration and distribution. Importantly, the influence of negative and neutral 
vacancies on broadening of annihilations lines regardless of their attribution to 
anion or cation types is different. Taking bulk (defect-free) compound as a standard, 
it was discovered that appearance of former ones crucially changes their shapes, 
while the detection of latter one only results in detection of very slight variations 
[46]. Thus, it is very easy to distinguish existence of both types of defects in 
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materials, as it was, for example, demonstrated by Tuomisto et al. [48] who recog-
nized simultaneous presence of zinc and oxygen vacancies in ZnO by using PAS.

Moreover, under certain conditions, existence of positively charged vacancies 
still can be detected by PAS, for example, when they present in very high concentra-
tions, i.e., in the order of 10−2 atom−1 or more, and using the temperature of mea-
surement over ~300  K.  In this case, their positron trapping rate eventually can 
exceed typical positron annihilation rate in non-defective semiconductors which is 
of the order of ~5 × 109 s−1 [46], and, thus, certain information regarding introduc-
tion of positively charged vacancies into semiconductor materials can be obtained. 
Another approach which is commonly used is that formation of cation vacancies is 
often accompanied by the consequent appearance of anion vacancies in order to 
maintain structural stability and electrical neutrality. Thus, it is possible to use very 
approximate values for estimating relevant ratios of both types of vacancies with 
respect to each other.

Finally, it should be noticed that PAS is able to identify the existence and concen-
tration of defect in terms of their residence whether in the surface or in bulk despite 
its high depth penetration. However, it is only applicable if structural characteristics 
and charge states of these defects are relatively same and thus cannot influence on 
the difference in signals in both localizations and also has no affection toward 
acquiring the parameters that are taken into consideration. To be clear, defects of 
small size are mainly available in the bulk, while their larger-sized projections are 
preferred to concentrate within the surface. It means that at comparative and the 
only assessment, the positron arrived to the bulk should be annihilated at much 
faster time and rate than those injected into the surface layer.

4.3.3  X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also regarded as electron spectroscopy for 
chemical analysis (ESCA), is used to determine quantitative atomic composition 
and stoichiometry and provide deep understanding about the chemistry of materials. 
It is achieved via irradiating the sample with monochromatic X-rays and measuring 
the kinetic energy of emitted electrons. This energy usually depends on binding 
strength between electrons and nuclei and has clear relation to the structure of elec-
tron shell and the surrounding environment of atoms and thus is unique for each 
chemical element. XPS is a surface analysis technique with depth resolution reach-
ing approximately ~10 nm and therefore is capable of providing information only 
about the outer layers completely excluding influence of underneath bulk. As an 
alternative, XPS also can be utilized to probe deeper layers which is proceeded via 
etching of surface by argon ion bombardment. Atoms of each elements except 
hydrogen have characteristic peaks in the XPS spectrum with specifically desig-
nated binding energies and intensities which enable their correct identification and 
consequent quantification. It usually occurs via measuring their broadening or shift, 
either positive or negative, as well as application of curve-fitting procedures such as 
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deconvolution and subtracting. In addition, it is also possible to determine chemical- 
related information of the detected elements, as, for example, to distinguish the 
oxidation state of metal compounds in binary structure or to realize whether the 
elements exist as a single component or it appears as a part of chemical composi-
tions which stoichiometry, in turn, also can be recognized.

By considering its application to defect engineering, specifically introduction of 
extrinsic deficiencies, XPS can be used to reach the following goals: (1) define the 
successfulness of doping either by metal or non-metal elements and (2) in which 
form they are presented (chemical states); (3) specify the type of their chemical 
bonding with surrounding atoms in crystal lattice of host materials, i.e., whether it 
has substitutional or interstitials character; and (4) provide information regarding 
compositional atomic ratios of the surface in absolute and relative values. Example 
of this methodology can be found in Ref. [49] where XPS analysis of ZnO after dop-
ing with Mn demonstrated clear appearance of additional Mn 2p and Mn 3p peaks 
(Fig. 4.4a). Their analysis specified that a sufficient part of introduced Mn existed in 

Fig. 4.4 (a) XPS spectra for ZnO and ZnO:Mn films (Mn regions). (b) XPS spectra for ZnO and 
ZnO:Mn films (Zn and O regions). (c). The ratio of zinc to oxygen, as a function of Mn content, 
where lines designated as (a) are from the PIXE (proton-induced X-ray emission) technique, (b) 
from XPS, (c) from XPS after correcting for hydrocarbon peaks in the spectrum, and (d) from XPS 
after Ar+ ion sputtering. (Reprinted from Ref. [49] with permission from AIP Publishing. 
Copyright 2009)
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2+ oxidation state. Furthermore, analysis of Zn 2p and O 1s XPS peaks revealed that 
ratios of their intensities remained to be the same before and after doping which 
means that Zn:O stoichiometry did not change due to the presence of foreign atoms 
(Fig. 4.4b). On its part, employment of XPS to define intrinsic deficiency leads to 
reaching very similar information regarding their chemical characteristics with only 
difference that it is mostly applied to determine presence and composition of vacan-
cies, especially those of non-metal elements in binary compounds, while detection of 
self-interstitials atoms has been reported in much less extent. Moreover, as the exis-
tence of these defects might lower the level of crystallinity, XPS in addition can be 
used to indirectly probe the quality of crystal lattice within the surface layer. Another 
important particularity of analyzing intrinsic deficiency via this technique is that 
access to stoichiometry of target surface might be used to calculate with precise 
accuracy the concentration per unit area which also can be called as their density thus 
making comparison with defect-free compound more reliable. As an illustration, 
Gurylev et al. [23] demonstrated the employment of this concept in their work where 
exposure to hydrogen plasma was implemented to introduce zinc vacancies into ZnO 
which transformed it into Zn0.86O, Zn0.83O, and Zn0.72O following the treatment time. 
The concentrations of zinc vacancies in these samples were estimated as 
5.74 × 1021 cm−3, 6.97× 1021 cm−3, and 1.15 × 1022 cm−3, respectively.

Finally, several words need to say about application of argon sputtering to create 
depth profile in terms of its influence on the variation of chemical stoichiometry as 
its consequence often has more disastrous outcome compared with that of materials 
where doping was considered as target of analysis (Fig. 4.4c). Simply put, Ar sput-
tering can cause very serious damage within the structure of some metastable com-
pounds resulting in appearance of additional intrinsic defects and even partial 
reduction and thus degeneration of semiconductor features as what happened, for 
instance, in the case of InAs [50], where formation of metallic indium after this 
process was readily visible even by the naked eye. In another example, it was dis-
covered that Ar sputtering of WS2 might lead to certain desorption of sulfur atoms 
and consequent detection of metallic tungsten phase. In addition, removal of a small 
oxidizing fraction naturally existed in WS2 and caused by non-ideal conditions of 
synthesis, consequent treatment or further  storage was also observed [51]. Thus, 
one should be extremely cautious to use XPS depth profile measurement to analyze 
the distribution of intrinsic defects within different layers of materials as it might 
bring highly contradictive outcomes which provide very little information about 
real surface- and bulk-residing chemical compositions.

4.3.4  Valence Band X-ray photoelectron 
spectroscopy (VBXPS)

Valence band X-ray photoelectron spectroscopy (VBXPS) which also is recognized 
as ultraviolet photoelectron spectroscopy (UPS) has very similar principle of opera-
tion to that which is applied during XPS with only difference that it utilizes photons 

4 Analysis of Defects



121

with much reduced energies such as HeI (21.2 eV) and HeII (40.8 eV). Thus, their 
interaction is only proceeded with electrons having low binding energies that are 
mostly located at the valence band. It allows not only to deeper the understanding of 
electronic geometry within this band as, for example, to quantitatively access it 
shifting up due to appearance of additional tail but also to precisely estimate various 
important parameters such as work function, Fermi level, and, most importantly, 
absolute positions of both conduction and valence bands with respect to vacuum 
level. The latter is extremely important as it determines whether the material is suit-
able to perform given photocatalytically activated redox reactions. The introduction 
of defects usually results in certain deviations and changes of these characteristics 
which is considered as indirect proof of their introduction and can be further used 
for achieving proper analysis to identify their nature, concentration, and other 
related features with certain accuracy. Finally, the VBXPS also can be employed to 
confirm the formation of defect-supported mid-gap states and to provide access to 
their exact positions in terms of calculated distances from the valence band which is 
very evident in their presence compared with those parameters discussed above. As 
additional remark, it has to be noticed that as the energies of photons used in this 
instrumentation are very short, their penetration depth is much smaller than that of 
XPS and reaches only several tens of angstroms or even less. In view of that fact, 
VBXPS can find great application, for example, in accessing various extremely 
thin-layered compositions such as 2D structures as it allows to avoid substrate con-
tribution into obtained response. At the same time, it provides additional difficulty 
in preparing sample surface as even atomic-scale contamination or accidentally 
adsorbed foreign molecules might disrupt this analysis.

Xu et al. [52] used VBXPS to investigate the bad-gap structure of BOCl without 
and with vacancies and determined that introduction of these defects results in 
appearance of valence band tail which shifted up its maximum from 2.16 to 
1.76 eV. Thus, it leads to narrowing of band gap width from 3.25 to 2.91 eV making 
BOCl visible-light-sensitive materials. In another example, Su et al. [53] applied 
VBXPS to calculate the work function (Φ) of TiO2 without and with doping with Zn 
using equation of Φ = hν − Ecut + Eonset, where hν (21.22 eV) represents the incident 
photoenergy from excitation source, Ecut is the cutoff region of the secondary elec-
tron, and Eonset is the onset of the Fermi edge (Fig. 4.5). It was discovered that Zn 
presence decreased the value of Φ in TiO2 from 4.51 to 4.25 eV which meant that 
Fermi level was shifted toward conduction band; thus, it led to increased accumula-
tion of charge carriers with donor-like characteristics.

A lot can be said about the comparison of analysis performed via VBXPS and 
KPFM toward evaluation of work function and Fermi levels as several importance 
dissimilarities existed between these two methods. Firstly, VBXPS is required to 
use ultrahigh vacuum, while KPFM can be performed at ambient conditions. 
Definitely, in the latter case, it might lead to certain deviation of acquired data, yet 
it also decreases complexness of measurement, its cost, and time consumption. 
Secondly, compared with VBXPS, KPFM provides the results of analysis mostly in 
relative units as it estimates work function difference with respect to specific refer-
ence sample, and additional efforts are required to transform it into absolute values. 
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Thirdly, KPFM allows to create spatial mapping of work function distribution and 
compare it with morphological features, while VBXPS is a point analysis which can 
only probe very localized regions at the surface.

4.3.5  Fourier Transform Infrared Spectroscopy (FTIR)

Atoms in molecule cannot be considered as static objects since they constantly 
vibrate around their equilibrium positions with specific frequencies which largely 
depend on various parameters such as their masses, quality of bonding established 
with other nearest-neighbor atoms, etc. For simplicity, it is generally considered that 
each vibration whether in the form of rotation or stretching occurs independently 
with respect to other similar motions around it. In this regard, Fourier transform 

Fig. 4.5 (a) Valence-band XPS spectra of the BOC and V-BOC samples. (b) Schematic diagram 
of the positions of valence and conduction bands of BOC and V-BOC. (Reprinted from Ref. [52]. 
Copyright 2016, Springer Nature. Available under the Creative Commons Attribution 4.0 
International License, https://creativecommons.org/licenses/by/4.0/) (c) UPS spectra of pristine 
and Zn-doped TiO2. (Reprinted from Ref. [53] with permission from American Chemical Society. 
Copyright 2018)
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infrared (FTIR) uses infrared region of electromagnetic spectrum to measure how 
much light is absorbed by chemical bonds of these vibrating molecules. It works 
only if molecules of the sample undergo dipole moment change during vibration 
which is required to be nonzero [54]; otherwise, two bond dipoles simply cancel 
each other out, and no detection and analysis is possible. As for more details, the 
operation principles of FTIR are described as follows. When the monochromatic 
light with different wavelength is passed through the sample, the chemical bonding 
within the molecule is able to absorb the portion of it but only those where the fre-
quency of irradiated photons is in a perfect alignment with their own frequencies. 
Thus, less light is transmitted, and the detector compares its intensity passing through 
the sample with that of light passing through the reference. As a result, identification 
of particular frequency at which the vibration of chemical bonding is proceeded 
serves as unique molecular fingerprint which not only allows to identify its nature 
but also can be used to determine in relative unit the concentration and proportions 
of various organic and inorganic compounds within the sample. It is necessary to 
notice that during FTIR measure, the frequency usually is expressed as a wavenum-
ber (cm−1), and it is defined as the inverse of the wavelength in centimeters. Thus, the 
higher the wavenumber, the higher the frequency, and the higher the energy of IR 
carriers, and the higher the penetration depth which can be analyzed within sample. 
In this regard, using IR with low wavenumber makes it more surface sensitive.

The introduction of extrinsic and intrinsic deficiencies crucially influences the 
vibration characteristics of chemical bonding within chemical composition of host 
material, as it results in their intensifying or, oppositely, slowing down. The evidence 
of this processing is usually received via estimating shift of main peaks in FTIR 
spectra toward higher or lower wavenumbers depending on the type of defects. For 
example, when a metal doping with elements which has lower oxidation rate is 
applied to TiO2 in terms of substitutional defects, the reduced mass of newly created 
bonds such as M-O where M represents atoms from introduced metals dopants 
becomes higher than that of originally existing one which leads to negative shift in 
wavenumber during FTIR analysis [1]. For instance, Choudhury  and Choudhury 
[55] reported that Ti-O vibration mode originally observed at 454 cm−1 for pristine 
TiO2 was discovered to be relocated to 425 cm−1 after introduction of cobalt ions. 
This phenomenon also works vice versa as lower reduced mass of substitute-based 
bonds result in the shift of FTIR peaks toward opposite, positive, direction. The same 
mechanism is also applicable to the introduction of vacancies as released atoms also 
cause the decrease of the reduced mass. Finally, apart from the abovementioned 
detection of extrinsic deficiencies, it has to be noticed that FTIR can provide clear 
and direct evidence about actual formation of chemical bonding based on introduc-
tion of doped elements and its positioning in the crystal lattice of host material. As 
an example, Ntwaeaborwa et al. [56] demonstrated that after filling of ZnO with Eu, 
“broad absorption band around 451 cm−1 which might be assigned to Eu-O stretch-
ing mode confirming that some Eu3+ ions were introduced in the Zn2+ sites” was 
observed.

4.3 Spectroscopy Techniques
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4.3.6  Raman Spectroscopy

4.3.6.1  Brief Overview

Raman spectroscopy is a vibrational technique that can provide information about 
chemical compositions of target solid samples following an analysis of its vibra-
tional, rotational, and other low-frequency modes. It is based on detecting inelastic 
scattering produced by molecules through irradiation with monochromatic light 
with very specific wavelength and energy. As for a more detailed mechanism, it is 
explained as follows. Most of the light which goes through the material is supposed 
to be scattered elastically (Rayleigh scattering), which represents that its wave-
length remains to be the same before and after interaction. In turn, very small frac-
tion of photons such as one out of million more or less is scattered inelastically due 
to exchange of energy during interaction with molecules [57] which means that 
their wavelength becomes higher or lower compared with that of original wave-
length. These changes are directly proportional to the vibrational and rotational 
characteristics of the molecule with which it has interaction as lowering or increas-
ing of their intensities and frequencies, respectively, identifies the quality and level 
of scattering. Such an inelastic scattering is called to be Raman scattering, and the 
shifts of energy that incident photons are subjected after scattering is ascribed as 
Raman shift [58]. It can be used to characterize the nature and features of molecules 
within the materials which undergo interaction with light given that mentioned 
vibrational or rotational energies are very specific to each individual chemical bond 
or chemical component. Thus, it can serve as unique “fingerprint” to identity com-
positions of target structure, its particulates, as well as presence of impurities and 
contamination in it and thus can be effectively applied to perfectly suit the role of 
tracing intrinsic and extrinsic deficiencies.

There are now more than 25 different types of known Raman spectroscopy tech-
niques [59], such as spontaneous Raman, hyper-Raman scattering, Fourier trans-
form Raman scattering, Raman-induced Kerr-effect spectroscopy, and stimulated/
coherent Raman scattering. Yet, most of them are often used in biological and medi-
cal sampling, and their application to defect engineering might be a nontrivial issue 
which requires additional understanding. In turn, another classification can be used 
to fulfill current purpose which make less complication in its access and thus more 
applicable. Simply put, given the low Raman scattering efficiency of most materials 
which means that it is not always easy to distinguish Raman peaks from the so- 
called background generated by the surrounding environment of the sample [58], 
the lamp-based systems that are commonly applied in fluorescence analysis, in turn, 
cannot be used here. Following it, a coherent laser source is often a necessary aspect 
to obtain detectable Raman scattering. In this regard, the choice of the laser(s) and 
its consequent wavelength is highly important, as it is affecting the outcome of the 
Raman spectrum in terms of its intensity, absence of noise, or other artefacts, and 
most importantly, it defines penetration depth and the ability to clearly detect desig-
nated vibrational modes assigned to specific chemical bonding. There are huge 
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numbers of various laser sources available currently such as helium-cadmium laser 
(325  nm), argon ion laser (364  nm, 488  nm and 514.5  nm), krypton ion laser 
(530.9 nm and 647.1 nm), helium-neon (632.8 nm), etc. Based on these types and 
comparing their wavelength to the electronic stricture of semiconductors, Raman 
spectroscopy analysis can be divided into resonance and non-resonance approaches 
whose main difference is that the former one results in better sensitivity and much 
higher intensity of resulting signal in obtained spectra which means that it can be 
used to analyze the materials at low concentration and density. In turn, the latter 
approach provides more information regarding the processes occurring within bulk 
which results in appearance of additional peaks in obtained spectra that are invisible 
by applying resonance conditions. As for more precise description, recognition and 
determination of both Raman scatterings for concrete semiconductor are usually 
proceeded by projecting the wavelength of incident laser to its absorption edge or 
band-gap value. For example, taking TiO2 as illustration, it has a distance between 
valence and conductions bands of 3.2 eV (~390 nm), thus, the lasers whose wave-
lengths higher than ~400  nm are considered to produce non-resonance analysis, 
while those with wavelengths lower than that value results in measuring within 
resonance conditions. More details are provided below regarding both of these 
approaches in order to reach a deeper understanding on how their particularities and 
specification influence the detection of defects.

4.3.6.2  Non-resonance Raman Spectroscopy

In non-resonance Raman scattering (RS), where the photon energy of the laser is 
small compared to the energy of any electronically excited state, all molecular states 
participate in the scattering process and thereby contribute to the intensity of a par-
ticular Raman line in the spectrum. This type of Raman spectroscopy is considered 
to be classical one which is commonly applied in various fields as it does not require 
special preparation and setup to be used. It is usually assigned as bulk-sensitive 
techniques given that its penetration depth can overcome the dimension of analyzed 
materials; thus, it hardly can provide any valuable information regarding the condi-
tions of the surface. The following illustration of this concept can be taken to dem-
onstrate it. It is well-known that band gap of TiO2 is ~3.2 eV which means that 
photons with this or higher energies could be effectively absorbed by it, while pho-
tons with lower energies (i.e., higher wavelength of incident laser) would be ballisti-
cally transmitted through this material in order to be absorbed by the substrate. 
Thus, TiO2 structures with dimensions of several tens of nanometers simply cannot 
be detected. This concept was perfectly demonstrated by Gurylev et al. [18] who 
showed that TiO2 thin film with thickness of ~22 nm was absolutely invisible during 
Raman analysis that used laser irradiation with wavelength of 512 nm. In fact, it 
resulted only in appearance of Si peaks served as a substrate (Fig. 4.6a, b).

Both intrinsic and extrinsic deficiencies can be effectively studied by RS given 
that their introduction usually leads to clearly defined modifications within local 
structure of target material supported by consequent rearrangement of 
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nearest-neighbor atoms in order to compensate the appeared difference in energy. 
As a result, new thermodynamic equilibrium is established which causes re- 
calibration of vibrational and rotational characteristics of molecules in order to 
reflect and compensate these changes. Thus, the positioning, intensity, and width of 
obtained Raman peaks become influenced. For example, Dhanalakshmi et al. [60] 
reported Raman spectra analysis of TiO2 before and after doping with different 
ratios of Ce. The Raman spectra of all samples showed the appearance of well- 
resolved peaks assigned as Eg(2), B1g,A1g + B1g, Eg(3), and Eg(1) modes which are con-
sidered to be characteristics of anatase phase. Out of them, the A1g, B1g, and Eg 
represent asymmetric bending vibration, symmetric bending vibration, and sym-
metric stretching vibration of the O-Ti-O bonds in TiO2, respectively. As the weight 
percentage of Ce increases, the intensity of all the peaks decreases, and the highly 
intense Raman peak (Eg) becomes slightly shifted toward the longer wavenumbers. 
Furthermore, given the mismatch of ionic radius between Ce and Ti, the inclusion 

Fig. 4.6 (a) Visible (non-resonant) and (b) resonance Raman spectra of TiO2 thin films annealed 
in air at 500 °C and in hydrogen at 350 °C, 400 C, 450 °C, and 500 °C. Thickness of film is 22 nm. 
All peaks in (b) belong to TiO2. (Adapted from Ref. [18] with permission from Elsevier. Copyright 
2015) (c) Visible (non-resonant) and (d) resonance Raman spectra of as-grown and hydrogenated 
ZnO nanorods. The assignment of each peak accompanied by the detailed descriptions can be 
found in original publication. (Reprinted from Ref. [61] with permission from Elsevier. 
Copyright 2017)
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of Ce distorts the lattice structure of TiO2 by entering into interstitial site and gener-
ates oxygen vacancies. Their appearances also contribute to the mentioned shift of 
E(g) mode given their negative influence on the crystal quality. It has to be noticed 
that in some materials, such as ZnO, oxygen vacancies or other projection of defec-
tive structure might appear as newly formed peaks, and it is also explained by over-
all degradation of crystal lattice accompanied by its following disordering [61]. 
Furthermore, several words need to mention about the controversy of using Raman 
spectroscopy to probe the defect states due to existed inconsistency of available data 
in literature and inability to currently compare it. Taking as example the formation 
of oxygen vacancies in TiO2, one might discover that it is supposed to result in posi-
tive shift of Raman peaks similar to that mentioned above, but there are several 
reports where Raman peaks remain almost the same or even shift to the negative 
side [18]. This disparity is likely explained by the fact that Raman spectroscopy is a 
point analysis, and it cannot cover equally the whole material. Given that defects are 
localized non-uniformly, there is a great chance that their concentration might be 
low in particulate analyzed sites.

4.3.6.3  Resonance Raman Spectroscopy

Resonance Raman scattering occurs when the incident radiation is at a frequency 
close to that of an electronic transition of the molecule which is going to be probed. 
As a result, it provides enough energy to excite the electrons toward a higher elec-
tronic state. The major advantages of RRS include the following [62]:

 (a) It improves the sensitivity, which allows to detect samples at micromolar con-
centration, whereas FTIR and conventional Raman require millimolar 
concentration.

 (b) The state of the sample required for RRS can be either solid, fiber, gel, or 
solution.

 (c) The time scale is on the order of 1015–1014 s, which is too short, and it is in the 
order of molecular vibrations.

 (d) No additional probes are required for analysis.
 (e) It can be used to analyzed surface layer of bulk samples due to low penetration 

depth which reaches, for example, nearly 20 nm for CeO2 and ~12 nm for TiO2.

There are, however, several disadvantages of RRS which need to be considered 
deeply. Firstly, it might lead to strong heating due to parameters of laser light used 
for excitation and thus can cause damage of the sample surface. Secondly, it is not 
easy to interpret the resulting Raman spectra given that there are much smaller num-
ber of available studies to compare the obtained data but also considering the fact 
that along with consideration of resonance-related effects, one should additionally 
count the influence of surface states due to low penetration depth of signal.

Similar to RS, RRS also can access both intrinsic and extrinsic deficiencies 
whose occurrence becomes visible due to changes in shape, intensity, and position-
ing of peaks. The only difference, as mentioned above, is that it is more surface 
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based; thus, the obtained data cannot be attributed to the bulk. Yet, it gives another 
advantage, namely, combined implementation of both RS and RRS analysis might 
be used to fully investigate the target materials and separate phenomenon that 
occurred in its bulk and surface in order to deeper understand their origins. This 
approach, for example, was perfectly applied by Gurylev et  al. [61] who used 
Raman spectroscopies excited by 325 nm and 534 nm to study formation of oxygen 
and zinc vacancies in ZnO nanorods after hydrogenation (Fig. 4.6c, d). Finally, it 
has to be noticed that RRS often can serve as a perfect tool to investigate direction 
of crystallographic axis within the target materials which might be considered as 
indirect evidence of defect formation. Simply put, in this case, orientations of some 
crystallites tend to be tilted to a certain degree with respect to the main axis in order 
to minimize the free energy of the lattice and to balance it. Such a perturbation usu-
ally results in changing the nature of crystal lattice toward polycrystallinity, as what 
happened in ZnO where oxygen vacancies cause appearance of a-axis in addition to 
already established c-axis.

4.3.7  Photoluminescence (PL) and Cathodoluminescence 
(CL) Spectroscopies

Photoluminescence (PL) and cathodoluminescence (CL) spectroscopies are well- 
known, important, and highly necessary tools to study various chemical and physi-
cal properties of metal oxide semiconductors which also can be used to access the 
introduction of intrinsic and extrinsic deficiencies. Analysis of data obtained via 
them allows to achieve clear understanding regarding not only the actual presence 
of these defects, their concentration and distribution, doping profiles, and quality of 
crystal lattice, but also it provides access toward changes in electronic structures 
such as the rate of charge carriers separation, appearance of additional mid-gap 
states, and availability of self-trapped excitons. Furthermore, given that both PL and 
CL techniques are nondestructive and contact-free and have high selectivity, their 
application recently becomes highly necessary to deeper the investigation of defect 
formation in the target material as it can add great clearness to understanding of 
their correlation with improvement or declining the resulted photocatalytic 
efficiency.

As for more details, PL is an optical phenomenon which is referred to the irradia-
tion of semiconductors by light at certain wavelength and its consequent absorption 
which leads to pushing the electrons toward higher-energy states. The absorbed 
energy is then released out as the electrons return back to its original state occupied 
originally. In turn, during CL measurement, almost similar processing is applied to 
liberate photons with only difference is that instead of optical excitation, high- 
energy electrons contribute to the irradiation step. It is interesting to notice that their 
characteristics are the same to that used, for instance, in scanning electronic micros-
copy or tunneling electronic microscopy. However, unlike photoexcitation, which 
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can be tuned into resonance with the transitions of the sample, electron excitation is 
non-selective and non-resonant. In addition, electron injection is weak, resulting in 
low luminescence yield and resolution [63]. Thus, PL is more preferable choice to 
be used. Following it, in this section, the main attention is attributed to this approach 
given that it is utilized much more in studies related to defect engineering than that 
of CL. Yet, it has to be noticed that appearance of peaks within PL spectra and con-
sequent correlation of their existence with formation of defects also can be applied 
to CL in almost similar terms as it follows the same mechanism of identification and 
analysis of intrinsic and extrinsic deficiencies.

Continuing the discussion, it is often not easy to interpret the obtained PL spectra 
and assign the detected or deconvoluted peaks to certain types of defects as very 
often several opposing opinions existed in literature on their identifications, and 
thus various aspects should be considered before finalizing assignment. This con-
cept can be readily demonstrated using PL spectra of ZnO nanorods before and after 
hydrogenation that is shown in Fig. 4.7a as example [30]. Accordingly, a near-band 
sharp emission (NBE) peak at 380 nm is attributed to the free excitons, while broad 
visible emission peak is ascribed to the donor (related to oxygen vacancies)-accep-
tor (related to zinc vacancies) transition. Annealing in a hydrogen atmosphere 
results in significant enhancement of both emissions and appearance of two clearly 
distinguished peaks at 504 nm (2.46 eV) and 520 nm (2.38 eV) which are assigned 
to oxygen and zinc vacancies (VO and VZn), respectively. The following explanation 
can be provided for their attribution [30]. Firstly, transition level of VZn lies between 
the 1 and 2 charge states which occur at around 1 eV above the valence band, and it 
justifies the emission at 2.38 eV. In turn, it was stated that oxygen vacancies do not 
show any transition at this energy. Yet, it contradicts with the work of Vijayaprasath 
et al. [64] who assigned it to VO. Secondly, the peak at 2.46 eV (504 nm) can be 
considered to have great matching with the +2/+ or +2/0 transition level of oxygen 
vacancies as it matches greatly the outcome of theoretical simulations [30]. In turn, 
Lv et al. [65] reported that this peak also is supposed to have a certain contribution 

Fig. 4.7 (a) PL spectra of as-grown and hydrogenated ZnO nanorods. (Reprinted from Ref. [61]. 
with permission from Elsevier. Copyright 2017) (b) PL spectra of the pristine ZnO whiskers and 
H+-implanted ZnO samples. (Reprinted from Ref. [65] with permission from The Royal Chemical 
Society. Copyright 2013)

4.3 Spectroscopy Techniques



130

from VZn even though VO still might play a dominant role in its appearance 
(Fig. 4.7b). Thus, as can be seen, even though PL provides exclusive knowledge 
about formation of defects, to determine their nature requires employment of very 
deep awareness and caution in order to identify correct attribution to certain type. In 
addition, it is necessary to notice that often the wavelength at which those peaks are 
detected might be interpreted as exact position of defect-based energy state within 
the band gap of target material, and it also shows in which direction the transition of 
electrons should be proceeded. The same mechanism as well can be applied to iden-
tify the existence and position of mid-gap energy state created by doped elements 
which can serve as “fingerprint” to estimate their existence, nature, concentration, 
and distribution.

It is also often the case that changing of overall intensity of PL spectra can serve 
as evidence of certain fluctuation within separation rate of charge carriers and often 
is used as indicator to access and even compare, yet in relative units only, their life-
times within various defective materials or with regard to certain standard. Simply 
put, recombination of electrons and holes usually proceeded via radiative pathway 
which is described by the release of photons that, in turn, contribute to the increased 
intensity of PL. Thus, the more charge carrier becomes ceased to existence, the 
more photons are released, and the higher is the intensity. In turn, the presence of 
defects often results in longer lifetime of charge carriers given that, firstly, they 
serve as scattered centers lowering their mobility thus making the recombination 
time to increase and, secondly, they take the role of trap centers which makes sepa-
ration of electrons and holes more efficient. Hence, they have less chance to meet, 
and it leads to lowering the intensity of PL as there is no contribution to its enhance-
ment due to absence of released photons. One should notice that recombination 
process definitely also might be proceeded via non-radiative pathway without 
releasing of photons as the liberated energy is transformed into heat and it is spread-
ing within the crystal lattice. This type of recombination cannot be detected by PL 
as other measurements are required to access it such as analysis of charge carrier 
concentration and their mobility. Following it, it is assumed that by utilizing PL, the 
recombination rate is usually limited by its only radiative form.

4.3.8  Transient Absorption Spectroscopy (TAS)

Various defects such as vacancies and doped elements can significantly influence 
the behavior of charge carriers including their kinetics, transportation characteris-
tics, and consequent recombination. Generally, defects create additional mid-gap 
states within the band gap which serve as trap centers for photo-induced electrons 
and holes thus increasing their separation and leading to the extension of their life-
times. Yet, it is not always the case as similar defects in certain conditions also can 
be used in opposite roles and facilitate charge recombination efficiently with conse-
quent decreasing concentrations of available charge carriers. Transient absorption 
spectroscopy (TAS) is a versatile tool that can analyze photogenerated carriers 
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within a very short time after initiating their existence via light irradiation, and it 
provides important information about direct influence of mentioned mid-gap states 
on their dynamics and consequent relaxation processing. This information allows to 
estimate the lifetimes of these photogenerated carriers and to realize which factors 
affect them and can be used to extend their durations [66]. This approach is appli-
cable to both intrinsic and extrinsic deficiencies even though the majority of avail-
able literature is concentrated on the former topic.

The principle of TAS instrumentation is explained as follows. Absorption of 
ultrashort laser pulse, that is also called a pump, by semiconductor brings the 
increase of energy levels within certain molecules from the ground to the excited 
state potential. The evolution of this change is monitored by means of a second very 
similar ultrashort laser pulse called the probe that interrogates the ensemble excited 
by the pump pulse and whose time delay with respect to the latter can be continu-
ously tuned to follow the dynamics [67]. The information content of a transient 
absorption spectrum directly follows the frequency of the probe light [68]. For 
instance, using X-ray or extreme UV portion of the spectrum provides information 
about how the electronic structure of individual lattice ions changes upon photoex-
citation by examining transitions between core and valence electronic states. In 
turn, utilizing UV, visible, or near-infrared parts of the spectrum can give access to 
knowledge that are highly applicable for investigation of semiconductor materials, 
such as [68]:

 (a) Band-gap transitions which allow to transport electron from the valence band to 
the conduction band

 (b) Sub-band-gap transitions appeared between localized mid-gap trap states and 
the conduction or valence band

 (c) Intra-band transitions of excited electrons and holes in the conduction band and 
valence band, respectively. The amplitudes of these features facilitate access to 
availability of excitons or free electrons and holes.

For the illustration of TAS employment to investigate the influences of defects on 
the recombination and separation processing of charge carriers in semiconductor 
materials, the study of Hoch et al. [66] can be considered as example. In their work, 
relaxation dynamics of In2O3−x(OH)y nanoparticles whose band gap was determined 
as 2.9 eV (~425 nm) were investigated with varying concentrations of defects such 
as oxygen vacancies and hydroxyl groups using two different excitation energies 
corresponding to above band gap (318 nm) and near band gap (405 nm). It was 
demonstrated that both types of defects play a significant role in the excited-state 
charge relaxation pathways. Simply put, the higher the defect concentrations, the 
more electrons and holes become trapped, and the longer excited-state lifetimes 
were detected. It resulted in highly improved separation of charges that could cor-
relate well with observed trends in the photocatalytic activity.

Transient absorption spectroscopy also can be used to understand the precise and 
definite influence of doped elements on the dynamics of charge carriers and to pro-
vide clear understanding on whether the improved photocatalytic activity can be 
attributed to reducing the recombination rate of electron-hole pairs or other 
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mechanisms responsible for it. For example, Ichihara et al. [69] investigated La- 
and/or Cr-doped SrTiO3 and determined that the former compound increases the 
lifetimes of photoexcited charge carriers, while the latter one acts as recombination 
center, and its presence, oppositely, effectively decreases their concentration.

4.3.9  X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a technique that can deliver the bulk mea-
surement of the elemental and chemical compositions by estimating X-ray absorp-
tion coefficient of a material as a function of energy. Each element provides a set of 
characteristic absorption edges (e.g., dramatic increase in the absorbed X-rays) 
which is correlated with different binding energies of its electrons providing XAS 
high sensitivity toward identifying itself and related particularities [70]. Furthermore, 
this measurement has no dependency on the crystallinity of materials, making it one 
of the few structural analyses which can be used to evaluate the chemical composi-
tions of fully amorphous and highly disordered compounds or presented in forms of 
liquid or gaseous phases. To evaluate the sample, XAS uses high intensity, coherent 
X-ray beam which has great tunability over a wide range of energy, and therefore a 
synchrotron radiation source is required to perform this analysis [71]. In this regard, 
it is considered to be highly specific technique yet with very limited accessibility 
around various research groups.

The X-ray absorption spectrum is typically classified into two regimes: X-ray 
absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine- 
structure spectroscopy (EXAFS). Even though both of them have the same physical 
origin and realized within the same instrumentation setup, the interpretation of 
obtained results due to differences in energies of related spectral features makes 
them highly distinguished [71, 72]. For instance, XANES investigates appearance 
of various particularities within the range of 50–100 eV above the edge and thus 
probes unoccupied electronic densities located higher than the Fermi level. The 
results obtained via this analytical method is difficult to analyze, as correct assign-
ment of the observed transitions and proper interpretation of their energy and inten-
sities might be a nontrivial and even somehow challengeable task. In fact, it is often 
the case that simulation is used in parallel to experimental observations to conform 
correct identifications of observed peaks and features [73]. In turn, XANES, how-
ever, can provide very clear information regarding the oxidation state and coordina-
tion number of the absorbing atoms. On the other hand, EXAFS with more subtle 
spectral features presented at energies up to ~500  eV or greater above the edge 
serves as a source of information about interatomic distances, coordination numbers 
of shells surrounding the absorbing atom, and distribution of cation sites within the 
spinel structure [71, 72].

The introduction of intrinsic and extrinsic defects changes chemical composition 
of material structure by altering its various parameters such as bond length, coordi-
nation numbers, atoms rearrangement, localization and delocalization of electrons, 
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etc. Hence, both of these XAS-based analytical methods are very useful techniques 
to investigate the formation of defects and understand what changes occurred within 
chemical compositions due to their influences. For example, Hsu et al. [74] demon-
strated that formation of oxygen vacancies in Co-doped ZnO could be effectively 
traced by XANES as annealing in reduced atmosphere led to appearance of addi-
tional peak in its spectra (peak C in Fig. 4.8a). This peak was attributed to oxygen 
vacancies, and applied simulation model greatly confirmed this conclusion. 
Furthermore, it was revealed that the higher the oxygen deficiency, the higher the 
intensity of this peak. Alternatively, Liu et al. [75] utilized EXAFS to investigate 
filling of Ta2O5 with nitrogen and discovered that originally, Ta-O bonding had a 
distance of 1.47 Å, and it increased to 1.56 Å after doping. As the Ta-N bond length 
of pure TaN was near 2.20 Å, it was concluded that the peak shift of 0.09 Å indi-
cated that some of oxygen ions were substituted by nitrogen ions (Fig. 4.8b). Such 
a small change in interatomic distance is hardly detectable by any other techniques 
including X-ray analysis which is going to be discussed below or HRTEM men-
tioned above.

4.4  X-ray Diffraction Analysis (XRD)

X-ray diffraction (XRD) is an extremely important nondestructive relatively inex-
pensive and easily accessible technique for characterizing crystal composition of 
materials in quantitative and qualitative manner. It does not require the use of vac-
uum, as well as application of special protocol to prepare samples, and can be 
employed to various types and forms of materials regardless of their nature with the 
only requirement being that it should be presented in the form of solid composition. 
Overall, XRD analysis can be used to obtain various information which is not 

Fig. 4.8 (a) The Zn K-edge XANES for the ZnO (500 Å), as-deposited, and annealed films. The 
inset shows the first derivative of XANES for these films. (Reprinted from Ref. [74] from AIP 
Publishing. Copyright 2006) (b) Fourier transforms of k3-weighted EXAFS spectra of pure Ta2O5 
and N-Ta2O5 fabricated via annealing at 650 °C in NH3. (Reprinted from Ref. [75] with permission 
from Elsevier. Copyright 2018)
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limited by probing only the level of crystallinity but also includes identifying the 
presence of particular phases and preferred crystal orientations (texture) and their 
ratios and in addition provides access to other structural characteristics such as eval-
uations of grain size; interatomic distance and lattice parameters; presence of strain 
and identification of its form, nature, and origin; existence of various intrinsic crys-
tal defects; and tracing the introduction of doped elements in terms of their residing 
whether in interstitials or substitutional positions, as well as calculating their con-
centration and other related features and even determination of length of chemical 
bonding.

The mechanism laid beyond XRD analysis is based on constructive interference 
of X-ray monochromatic beam scattered at specific angles from each set of lattice 
planes in a sample, and it results in appearance of diffraction peaks [76]. Their 
intensities and positioning can be used to analyze the atomic configuration and its 
periodic arrangement within the lattice planes. Standard database for X-ray powder 
diffraction patterns which is available online not only is used to quickly check the 
nature of material subjected to this analysis but also can serve as a reference to 
access its specific structural particularities. There are several types of XRD analysis 
that are frequently applied for research purposes, and they are mostly classified by 
their sensitivity toward assessing presence of materials and depth at which the 
X-rays can penetrate. For example, traditionally used powder XRD is employed to 
probe the bulk compositions and only be applied to materials whose amount is suf-
ficient enough to be detected. This requirement makes it to be hardly utilized for 
analyzing nanoscale compounds if only the latter is presented in the form of accu-
mulated particles, thin film with relatively high thickness, bundle of nanowires or 
nanotubes, etc. In turn, more advanced grazing incidence XRD allows can fulfill 
this task as it enables to probe very small volumes such as 10-nm-thick layer of TiO2 
deposited on Si [77]. Furthermore, under certain conditions, it also can be applied 
to trace changes in structure and crystallinity at the depth of only several atomic 
layers and thus is highly suitable to examine 2-D materials.

Considering the above, XRD is perfectly suitable for detection of defect forma-
tion and their related particularities, as it can trace changes in the quality of crystal 
lattice. As an illustration, appearance of vacancies very often results in shrinkage of 
d-spacing which results in positive shift of corresponding diffraction peaks as it fol-
lows the famous Bragg law. This processing also often is accompanied by reduction 
of their intensities since the levels of crystallinity decrease with evacuation of atoms. 
In turn, during doping, especially substitutional, the XRD peaks might also shift in 
both directions depending on the ionic or atomic radii of doped element compared 
to that of atoms within crystal lattice of host materials which are subjected for 
replacement. For instance, Samsudin et al. [78] investigated F-doped TiO2 and dis-
covered that as the F- ions have radii of 0.119 nm and 0.116 nm depending on their 
coordination numbers, they are going to substitute O2− ions with radii of 0.126 nm 
and 0.122 nm. Thus, a slight shift of anatase (1010) peak toward higher angels was 
observed after F-doping compared to pristine TiO2. Overall, it can be said that the 
higher the concentration of intrinsic or extrinsic defects, the more obvious the shift 
becomes.
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Definitely, it is often the case that XRD is unable to identify the presence of 
defective compositions or trace changes in their concentration, as what happened, 
for example, in the work of Liu et al. [79] who reported N-doped TiO2 prepared via 
thermally activated nitridation and revealed that with changing the conditions of 
treatment, the lattice constant of TiO2 remained the same. Apart from other reasons 
mentioned in those work, it might be said that this phenomenon is likely attributed 
to the low sensitivity of general XRD instrumentation which cannot detect small 
deviation in presence of N2. Thus, it is strongly suggested that other analysis should 
be also taken for confirmation as to make a more supportive conclusion on the pres-
ence of defects.

Finally, one should mention that alternation of preferred orientation or increasing 
the polycrystallinity of structure also might serve as evidences of changes in atomic 
arrangement of crystal lattice following the defect introduction. As an illustration, 
Kim et al. [80] synthesized a-axis oriented ZnO nanorods by hydrothermal method 
and subjected them to thermal treatment in vacuum at temperatures from 500 to 
900 °C. It led to increasing the number of crystallites with a-axis preferred orienta-
tions and their consequently raised domination over that of crystallites with c-axis 
orientations. The following mechanism can be used to explain it. Formation of defects 
results in degradation of crystal quality which forces the orientations of some crystal-
lites to be tilted to a certain degree with respect to the main crystal axis as to minimize 
the free energy of the lattice and to balance it. Thus, it allows the appearance and 
consequent detection of others energetically less favorable crystal orientations.

4.5  Other Analyzing Techniques

Apart from the abovementioned well-known techniques to probe the defect forma-
tion whose wide investigation deserved numerous attentions in literature, there exist 
other less frequently applied but nevertheless also highly important analyzing tools 
which also deserved to be mentioned and discussed briefly.

 (a) Thermal analysis. Thermal analysis includes a series of techniques which are 
used to measure the changes of materials properties in terms of their depen-
dency on the change of temperatures. Among them, the most widely applied 
ones are considered to be differential scanning calorimetry and thermal gravi-
metric analysis that investigate how the loss of weight correlates with increase 
of temperature. Simply put, the formation of defects such as vacancies results 
in reduced density and consent lowering of the overall material mass; thus, it 
can be used as indirect evidence of their existence.

 (b) Therma-programmed desorption. Temperature-programmed desorption is 
applied to measure the desorption rate of surface-located atoms and molecules 
from the materials as a function of temperature and/or interactions with com-
pounds absorbed for surrounding environment. Its application allows to 
 understand various parameters accompanying this process, such as activation 
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energy, rate constant, reaction order, Arrhenius pre-exponential factor, etc. 
Thus, it is an important tool which enables to provide highly useful information 
regarding the formation of vacancies or possible existence of various impurities 
and doped elements. For example, Kim et al. [81] used this analysis to reveal 
the appearances of oxygen and zinc vacancies in ZnO after hydrogenation as 
this process was associated with release of H2O molecule and Zn reduced 
atoms, respectively (Fig. 4.9).

 (c) Rutherford backscattering spectrometry. Rutherford backscattering spectrome-
try (RBS) is an ion scattering technique which is extensively utilized to probe 
compositions of film-like structures. During this analysis, He2+ ions penetrate 
into the sample, and the energy distribution along with yield of the backscat-
tered He2+ ions within specific angle becomes captured. Since the backscatter-
ing cross section for each element is a well-known value, quantitative 
compositional depth profile from the RBS spectrum could be readily available. 
This method analyses doping and contamination level within samples as well as 
provides quantitative access to its intrinsic deficiency by calculating elemental 
compositions with very precise accuracy. The main drawback of this approach, 
however, is that it has low sensitivity toward light elements such as carbon and 
oxygen [82]. In addition, irradiation of heavy ions causes significant damage of 
sample surface [83] which might bring certain difficulties to correctly access its 
chemistry.

As a final word, it has to be noticed that there are great numbers of various instru-
mentation and approaches can be used to obtain required information about intro-
duction of defects in the materials whether directly or indirectly. It is practically 
impossible not only to cover them all in depth but also simply mentioning them. For 
clarity, this chapter only serves to be introductory for immersing in this topic, and 
interested readers are suggested to address specific literature for more precise 
details.

Fig. 4.9 TPD spectra of (a) water (m/z = 18) and (b) zinc (m/z = 64) from ZnO nanowires pre- 
exposed to various doses of atomic H(g). (Reprinted from Ref. [81] with permission from American 
Chemical Society. Copyright 2012)
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4.6  Final Remarks on Various Analysis Tools and Methods

Current developments in proper identification and detection of intrinsic and extrin-
sic deficiencies reach great levels as it allows to precisely determine their various 
features such as positioning, whether they are located in the surface layer or deeply 
in the bulk, concentration, distribution, and their accompanied gradient profiles in 
both quantitative and qualitative accounts and also traces their influence on various 
important characteristics of material including changes in electrical, structural, opti-
cal, and other properties, modification of morphology, adjustment of chemical com-
position, etc. Furthermore, many advanced techniques, particularly KPFM, TAS, 
etc., also can be used to reach these goals without additional treatment protocol or 
in the absence of any specific requirements regarding the dimension and conditions 
of the measured samples making the results of their probing more realistic. Thus, to 
enable these advantages to be implemented in the most efficient way, not only the 
proper choice of analyzing tools should be proceeded but also accurate understating 
and clear awareness of their basic principles, and most practical and fundamental 
functionalities are highly required and even necessary in achieving the designated 
results. In fact, various types of instrumentations serve different goals such as (1) to 
probe the nature and types of defects and also to verify their very specific particu-
larities via direct or non-direct measurements and (2) to obtain the required infor-
mation of structural and electronic changes within the materials along with their 
consequence influences on other characteristics. Proper collecting and critical eval-
uation of these data are highly required to making it serve as an important support 
and valuable addition to fabricate efficient photocatalytic performance. Overall, 
combining the abovementioned, it might become evident that this is a very non-
trivial and highly challengeable task. Indeed, incorrect application of certain instru-
ments and analysis or inadequate realization and improper interpretation of its 
findings might lead to appearance of certain misconceptions regarding the composi-
tion and structure of target materials as its consequent comparison with that reported 
in literature likely results in certain mismatches which arise not from differences in 
utilized experimental approaches but due to contrast in accessing similar analysis 
and its outcome. For example, Gurylev et al. [18] in their work demonstrated very 
perfectly that it might have happened even during application of well-known tech-
niques, such as Raman spectroscopy which is considered to be simple enough to be 
utilized as a routine tool, thus making the consequence of inaccuracy in its correct 
accessing even more serious. Overall, in their work, it was stated that its “use… to 
probe the defect states in modified TiO2” results in “inconsistency of available data” 
as their appearances led to not only “positive shift of Raman peaks” but also making 
them be “almost the same… or even shift to negative side.” After profound investi-
gation, these inconsistencies were explained as a result of “irregular distribution of 
oxygen vacancies.” Thus, as traditional Raman spectroscopic analysis is a “point 
scan and cannot analyze the whole area,” they might not be detected in a proper way, 
and certain awareness is required [18].
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Considering the abovementioned, the purpose of this chapter can be determined 
as follows. Firstly, it defines major types of instrumentation used to analyze the 
introduction of various types of defect within the materials with special emphasis 
toward proper understanding of their fundamentals so that it allows to reach the 
definite perception how it can be utilized and which dataset is expected to be 
obtained. Secondly, it provides some very recent examples based on reports avail-
able in literature about correct applications of those analysis and consequent inter-
pretation of the obtained results. It is believed that described concepts might serve a 
positive role not only in continuous expanding of the existed knowledge regarding 
various analysis but also making them to act as a stepping point for continuous 
development and advancement of current theory applied within certain instrumenta-
tions in terms of improving further the available processing, deepening, and widen-
ing their presence assessment, etc., as complete and full comprehension of defect 
structure is still far from full and satisfied accessibility. Adequate implementation of 
these strategies might sufficiently contribute to speeding up successful application 
of defects engineering in existing industrial technologies.
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Chapter 5
Case Study I Defect Engineering of TiO2

5.1  TiO2: Fundamentals

Titanium dioxide (TiO2) is available in many polymorphs, among which anatase 
and rutile phases received the most attention since they are widely present in nature 
and can be easily realized in the laboratory. There also exist other well-known forms 
of TiO2 such as brookite and monoclinic phase, yet, they are more difficult to syn-
thesize and thus are less studied. Following it, this chapter is concentrated only on 
rutile and anatase forms of TiO2. In additional, amorphous-structured TiO2 also is 
discussed given the raised interest to its characteristics in recent years.

Typically, anatase represents metastable composition which can be easily trans-
formed into more thermodynamically stable rutile by thermal treatment at tempera-
tures over ∼600 °C. The crystal lattices of these two polymorphs follow differently 
arranged octahedral TiO6 formed by Ti4+ ions surrounded by six O2− ions. Particularly, 
in anatase, each octahedron has contact with eight neighbors, and it results in forma-
tion of tetragonal structure. The bond lengths between oxygen atoms in the equato-
rial plane are the same, and these bonds form four edges that are shared with other 
octahedra, and it defines crystal composition of anatase [1]. In turn, the rutile also is 
attributed to the tetragonal structure; however, it is based on octahedral lattice with 
shared edges, i.e., each octahedron is in contact with ten neighbors in a linear chain 
disposition [2]. The density and hardness of rutile are higher than that of anatase. In 
turn, Ti-Ti and Ti-O bond distances are longer and shorter in anatase than in rutile, 
respectively. As for the optical properties, titanium dioxide has a direct and indirect 
band gaps of 3.2 eV and 3.0 eV for anatase and rutile, respectively, which means 
that both of them are unable to absorb visible light and only are sensitive to UV light 
illumination. In this regard, it has to be noticed that anatase represents colorless 
compound, while rutile is usually found to have dark red appearance.
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5.2  Intrinsic Defects in TiO2

5.2.1  Introduction

Owing to its highly attractive properties, such as low cost, exceptional stability, high 
chemical inertness, bio-compatibility, and nontoxicity, TiO2 has been recognized 
widely as an efficient photocatalyst material for various processes such as purifica-
tion of water, degradation of dyes and pesticides, CO2 reduction, water splitting, etc. 
However, this material possesses certain drawback which makes practical and effi-
cient realization of its photoactivity to be a challengeable task. For example, as 
mentioned above, it cannot absorb visible light. Given that UV light represents only 
4–5% of solar spectra, the efficiency of TiO2 as photocatalyst under sunshine is 
insufficient. In addition, extremely high recombination of photo-induced charge 
carriers crucially influences their transportation toward the surface, and thus, the 
processing of redox and oxidation reactions becomes highly limited. Following it, 
to fully realize the potential of TiO2 and to make its implementation into photocata-
lytic and photoelectrochemical systems to be more feasible and productive, numer-
ous approaches have been used to modify its composition and structure such as 
coupling with another semiconductor materials, surface sensitization with organic 
dyes, decoration with noble metals, etc. Yet, most of them require the use of external 
sources in the form of additional materials or compounds. In turn, it was demon-
strated recently that improvement of TiO2 characteristics could be achieved via self- 
doping with various intrinsic defects which provide great alternative to 
abovementioned methods. Simply put, controlled introduction of certain imperfec-
tions within crystal lattice of TiO2 and manipulation over their features and particu-
larities not only can be used to adjust the band gap and provide required configuration 
of electronic and geometrical structures but also lead to increasing the concentra-
tion, mobility, and transportation of charge carriers. Thus, sufficient improvement 
of various important properties can be achieved.

In this regard, non-stoichiometric TiO2 has a great potential for application in 
solar light-based devices. Yet, to fully realize this strategy, a deep understanding 
regarding its intrinsic defect engineering in terms of synthesis approaches, correla-
tion with improved characteristics, and consequent influence on the photocatalytic 
applications should be achieved. Below, these topics are discussed in full regard and 
with deep awareness.

5.2.2  Defect Chemistry of TiO2

5.2.2.1  Brief Overview

Checking the available reports in literature on non-stoichiometric TiO2, it is very 
easy to come to a conclusion that existence of intrinsic defects in it is mostly con-
sidered in terms of oxygen vacancies (VO). Definitely, this type of defect is the 
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dominant one in TiO2, and its appearance often is the most favorable and evident 
under various non-equilibrium conditions. Yet, it would be incorrect to ignore other 
minor-type defects which also often occur in TiO2 whether in the form of indepen-
dent species or as accompanies to the oxygen vacancies. Their presence even in very 
low concentration has a profound influence on properties of this material and thus 
cannot be ignored.

In general, apart from oxygen vacancies (VO) which is defined as missing of 
oxygen ion from the lattice site (Fig.  5.1a), three other types of defects exist in 
TiO2 [3]:

Fig. 5.1 (a) Atomic structures of titanium vacancy (VTi
4−), titanium interstitial (Tii

4+), and oxygen 
interstitial (Oi(O2)). The large spheres are the Ti atoms, and the small spheres are the O atoms. 
Relaxation directions of neighboring atoms are selectively indicated by arrows. In some cases, 
ideal positions of the atoms before relaxation or removal are shown by dashed circles. (Adapted 
from Ref. [3] with permission from American Physical Society. Copyright 2006) (b) Calculated 
formation energies of oxygen vacancies in rutile TiO2 plotted as functions of Fermi level (EF) in 
oxygen-rich and titanium-rich growth conditions. (Reprinted from Ref. [5] with permission from 
American Physical Society. Copyright 2014)
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 (a) Titanium vacancies (VTi): Ti ion is missing from its lattice site.
 (b) Titanium interstitials (Tii): Ti ion is located in an interstitial site.
 (c) Oxygen interstitials (Oi): Oxygen ion is located in an interstitial site.

Oxygen vacancies and titanium interstitials are donors of electrons and their pres-
ence shifts Fermi level toward conduction band thus increasing the n-type conduc-
tivity of TiO2 as they provide additional electrons and/or serve as compensating 
centers. In contrast, titanium vacancies and oxygen interstitials are considered as a 
source of holes given their acceptor-like characteristics, and thus their introduction 
serves absolutely an opposite role to that of VO and Tii interstitials reducing the 
number of available electrons. In fact, their increased presence might even lead to 
appearance of n → p transition within TiO2.

5.2.2.2  Oxygen Vacancies

Formation of VO results in relaxation of its nearest-neighbor Ti atoms toward 
remaining O neighbors, which in turn, also move slightly inward to compensate the 
broken electrostatic equilibrium [3]. As for the electronic geometry, oxygen vacan-
cies in TiO2 have three charge states, namely, the doubly ionized oxygen vacancy 
(VO

2+) which cannot capture any electrons, the singly ionized oxygen vacancy VO
1+ 

which captures only one electron, and, finally, the neutral oxygen vacancy VO
x 

which can capture two electrons. Theses charge states are also sometimes called as 
F-color centers. Theoretical calculation determined that VO represents negative U 
center, as it is only stable in +2 or neutral charge states, while VO

1+ was generally 
determined to be thermodynamically metastable [4], and highly non-equilibrium 
conditions should be used to initiate it. Based on this, VO in TiO2 is considered to be 
a double donor. Concrete position of Fermi energy (EF) within band gap dictates the 
type of dominated charge state of this defect: as it was revealed by Malashevich 
et al. [5], if EF is lower than ~2.8 eV, oxygen vacancies are in the charge state of +2, 
while EF over that value represents that oxygen vacancies become stable in the neu-
tral charge state (Fig. 5.1b). It is interesting to notice that it refers to existence of 
O-rich and O-poor environment, respectively. The position of energy level created 
by VO

2+ is very close to conduction band which provided sufficient evidence to con-
sider this defect as a shallow donor. Thus, it has crucial contribution to the uninten-
tional n-type conductivity of TiO2. In turn, the positioning of energy levels of other 
types of VO assigns them as deep donors. For example, Chen et al. [6] demonstrated 
that the energy levels of VO with charges of +2, +1, and neutral were calculated to 
be located at distances of ~0.20 eV, ~1.78 eV, and ~0.87 eV from the bottom of 
conduction band, respectively. Their appearance often is accompanied by the reduce 
Ti3+ species due to supplied electron to Ti sites.
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5.2.2.3  Titanium Vacancies

Formation of Ti vacancy results in outward relaxation of surrounding O atoms, each 
to a point approximately halfway between its two remaining Ti neighbors resulting 
in reduction of Ti-O distances and consequent increasing of O-O distances [3]. Ti 
vacancy is an acceptor-type defect which has the charge states of 0, −1, −2, −3, and 
−4 depending on the level of its ionization, e.g., the number of accepted electrons 
from host material [7]. Furthermore, the higher the positioning of Fermi energy 
within the band gap and the more evident is the n-type conductivity, the higher is the 
charge state of VTi as it changes from neutral to −2 and −4 [8]. Given their nature, 
these defects play as compensating centers for oxygen vacancies. For example, 
under O-rich conditions, VTi

4− begins to compensate VO
2+ at ∼2.28 eV above the 

valence band maximum (VBM) trapping the Fermi level around this point, while 
under Ti-rich/O-poor conditions, it occurs at ∼0.06 eV below the conduction band 
minimum (CBM) [9].

However, there is an uncertainty in literature, whether to consider this type of 
defect enable causing the appearance of p-type conductivity in TiO2. As an illustra-
tion, Na-Phattalung et al. [3] based on DFT calculation stated that VTi is a quadruple 
shallow acceptor, and its formation energy under O-rich conditions is negative once 
EF becomes higher than ~1.46 eV. This means that VTi is spontaneously formed, and 
it pushes down the EF toward valence band until it reaches the level below the 
1.46 eV. As this value is lower than half band gap of TiO2 (~3.2 eV), it results in 
changing the role of dominated charge carriers from electrons to holes. Experimental 
studies confirmed that VTi indeed can initiate the p-type conductivity in TiO2 in the 
absence of any external contribution [10]. Yet, several authors strongly oppose this 
conclusion. For instance, Boonchun et al. [8] stated that “VTi …[is] deep acceptor” 
and “even under extreme oxygen-rich conditions… p-type conductivity can never 
be realized… without external doping.” Thus, whether titanium vacancies initiate 
the transition of conductivity is still under debate. As a final remark, it is necessary 
to notice that under the Ti-rich condition, VTi is a low-energy defect and hence acts 
as a leading native acceptor [3].

5.2.2.4  Titanium Interstitials

When a Ti is placed on the octahedral interstitial site, one of O neighbors moves 
considerably toward it. The surrounding Ti atoms are also slightly relaxed outward, 
due to the electrostatic repulsion between positively charge Ti ions [3]. Ti intersti-
tials (Tii) have charge states (+4, +3, +2, +1, 0) which are mostly located very close 
or above CBM and are determined by the number of acquired elections. It repre-
sents that this type of defect is a shallow donor which enables to make contribution 
for intrinsic n-type conductivity. Theoretical calculation determined that Tii

4+ inter-
stitial has the lowest formation energy in Ti-rich conditions among the defects 
examined over a wide range of Fermi energies, while for O-rich conditions, it is 
limited by the position of Fermi level from valence band to ~1.5  eV [8]. This 
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outcome is mainly due to the energy gain from a transfer of four electrons to the low 
EF level [3]. However, at very high Fermi energy and when it is pinned, when it 
approached conduction band, the formation energy of VO became slightly lower 
than that of Tii [8]. It has to be noticed that anatase structure contains a lot of open 
space which can accommodate interstitial atom without much strain; thus, this 
phase shows higher attractiveness for this defect to appear compared with that of 
rutile [3] even though some authors argue it [11].

Finally, Tii
4+ is considered to have the highest probability to be formed compared 

with all other types of Ti interstitials. It simply can be proceeded by the diffusion of 
Ti ion out of its original position under equilibrium conditions and without applying 
any additional external stimulus. Furthermore, as it has negative formation energy 
for a very wide range of Fermi energy in Ti-rich conditions, thus, it is a highly spon-
taneous process [3, 8]. In turn, for O-rich conditions, it only occurs once the Fermi 
level is in the lower part of the band gap [8] or close to valence band [3]. It is neces-
sary to notice that appearance of Ti interstitials with other charge states requires that 
Tii

4+ firstly becomes reduced, and then it can be moved through the crystal. Thus, it 
is very common that oxygen vacancies are often accompanied by the appearance of 
Tii

3+ due to supply of electron toward Ti sites which decreases its oxidation state, 
and then they become kicked out to become self-interstitial species. It has to be 
noticed that in further discussions, Tii

3+ as well as reduced Ti3+ would be referred for 
simplicity as Ti3+ centers as this abbreviation often is used in literature.

5.2.2.5  Oxygen Interstitials

Compare with other abovementioned defects, charge states of oxygen interstitials 
not only determine its electronic structure but also influence its geometrical arrange-
ment. According to Lee et al., [12], a neutral Oi is the most stable across most of the 
range of Fermi energies, and it creates a dumbbell O-O bonded ion with an oxygen 
residing in the lattice, and this configuration is considered as substitutional O2 mol-
ecule. In the −1 charge state, it also results in formation of similar configuration, yet 
with slightly longer O-O bond. In contrast, Oi

2− represents a structure which con-
tains only individually existed ion. Thus, restoration of broken equilibrium due to 
appearance of this defect requires only very slight relaxation of Ti atoms outward 
[8]. Substitutional O2 has a bond length of 1.46 Å which is longer than that which 
existed in an isolated (free) O2 molecule (1.21 Å) [3]. The transition level (+2/0) of 
Oi was determined to be located ~0.81 eV above the VBM [8], indicating that it is a 
deep rather than shallow acceptor and thus cannot contribute to p-type conductivity 
and only serve as compensating center, thus resulting in annihilation of donor-like 
defects. Under applied Ti-rich condition, Oi has formation energy much higher than 
that of other defects and is hence unlikely to exist in any considerable amount. 
However, utilizing O-rich condition, its formation energy is reasonably low, making 
it an important defect [3]. Finally, it noted that this defect cannot be formed sponta-
neously regardless the position of Fermi level or utilizing any other related factors, 
as its formation energy is always positive.
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5.2.3  How to Create Defects?

5.2.3.1  Hydrogenation

Hydrogenation treatment of TiO2 has attracted great attention in recent decade as an 
effective method to introduce various defects. During thermal treatment, hydrogen 
atoms interact with lattice oxygen in TiO2 not only located at surface but also in bulk 
due to interdiffusion resulting in appearance of oxygen vacancies, often accompa-
nied by Ti interstitials and supplemented introduction of lattice disorder. Needless 
to say, these defects positively influence various important characteristics of TiO2. 
The interaction between H2 and TiO2 is usually described to occur via three steps 
[13]. Firstly, with annealing temperature exceeding 300  °C, electrons set out to 
transfer from hydrogen atoms toward internal composition of TiO2. The vacancies 
are formed once oxygen atoms create connection with arrived hydrogen atoms and 
consequently leaving the surface of TiO2 in the form of H2O. When the temperature 
is further increased up to 450  °C, the interaction between H2 and TiO2 becomes 
more intensive, and it results in electron transfer from oxygen vacancies to nearest- 
neighboring Ti4+ ions, transforming them into Ti3+ centers. Further increase of tem-
perature above 560 °C leads to higher transfer of thermal energy, and the electrons 
located within oxygen vacancy states are driven away to be transported to Ti4+. As a 
result, concentration of oxygen vacancies becomes lower, while more Ti3+ begins to 
appear [13]. Yet, this temperature might induce transformation of anatase into rutile, 
and thus formation of Ti3+ centers via this approach might not be suitable for the 
former phases which means that it is more conductive for introduction of oxygen- 
deficient compositions.

As for the amorphous TiO2, it is suggested that due to the absence of atomic 
periodical arrangement, both types of defects can be easier to form there compared 
with that of crystalline phase. As a final remark, it is necessary to mention that as 
interstitial Ti are formed under more severe conditions (i.e., higher temperature, 
higher pressure of hydrogen), the formation of oxygen vacancies is easier to reach 
and thus is more attractive [14].

5.2.3.2  High-Energy Particles Bombardment

Electron bombardment In order to minimize unnecessary influence of high- 
temperature environment and avoid consumption of excessive energy during H2-gas 
thermally activated process, alternative approaches are required for the formation of 
defective TiO2. One of those method can be considered as application of electron 
irradiation which effectively modifies the surface of TiO2 resulting in appearance of 
oxygen vacancies or relevant defect complexes and even can be used to realize the 
existence of Mangeli phase. This process usually occurs via displacement and/or 
evacuation of O atoms from the TiO2 surface as a result of electron stimulated 
desorption that is based on Knotek and Feibelman model [15]. In general terms, it 
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is explained as follows: electron transfer occurs between oxygen and titanium (to be 
more precise, 3p holes are created in Ti atoms, and their decay can be realized via 
interatomic Auger process from a neighboring O atom) which results in transforma-
tion of originally negative oxygen species (O2−) into neutral (Oo) or positively 
charge (O+) oxygen ion. Thus, it leads to appearance of Coulomb repulsion from the 
surrounding Ti4+ which kicks out O+ leaving behind a vacancy spot. In turn, it was 
also suggested that removal of some oxygen atoms might occur via so-called site- 
specific desorption probability that enables to form one-dimensional arrays of 
VO [16].

As a conclusion, it has to be noticed that parameters of electron bombardment 
should be adjusted very accurately. Definitely, the energy of irradiation is supposed 
to be sufficient enough to overcome the potential barrier of surface bonding, yet, it 
also cannot be too high as instead of desorbing the target atoms or compounds, it 
would result in damaging the surface and even its partial etching occurred via 
uncontrolled collision of fast-electrons with O and Ti atoms.

Ion implantation Ion sputtering using various species also can be used to repro-
ducibly generate atomic level defects and nanometer-scale vacancy clusters in a 
controlled manner within TiO2. However, there are several particularities which 
make its application different from that of electron irradiation, and thus they should 
be considered deeply in the course of its utilization. Firstly, ion sputtering can trans-
fer much larger momentum to the surface, and therefore induced changes are 
extended deeper inside the material and even reach the range of several tens of 
nanometers. For example, Majumder et al. [17] revealed that once TiO2 nanodots 
are subjected to treatment with Ar+ ions, formation of a 45-nm-thick Ti-rich surface 
layer was observed. Furthermore, by changing the energy of irradiated ions, it is 
possible to control up to which depth the presence of defects can be extended. 
Secondly, the produced defects have higher stability and cannot be removed simply 
by exposing TiO2 to oxygen at low temperature [18]. Thirdly, ion sputtering can be 
used to selectively create Ti- or O-deficient regions within TiO2 depending on its 
fluence. Simply put, the evacuation of atoms from its position within crystal lattice 
is determined by displacement threshold energy which was calculated to be around 
~40 eV for oxygen and ~105 eV for titanium [19]. Thus, lower fluence ion irradia-
tion leads to dominated formation of VO in TiO2, while its increase can be used to 
realize the domination of VTi. Fourthly, treatment with ions of certain element along 
with introduction of defects also likely results in their accompanied intrusion into 
TiO2 which might be considered as undesired doping that has a certain degree of 
influence on its specific characteristics.

Plasma treatment Plasma treatment using various reducing atmospheres is also 
often applied to realize the appearance of deficient TiO2. It has several important 
advantages. Firstly, playing with its parameters, such as electric field strength 
(power), time of exposure, pressure within chamber, temperature, etc., determines 
the frequency and energy of collisions and thus can provide precise control over the 
level of introduced non-stoichiometry. Secondly, the nature of this processing allows 
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to achieve the formation of defects exclusively in the surface of TiO2 leaving aside 
bulk compositions. Thus, plasma treatment is considered to be a highly desirable 
and demanding technique. As an example, Li et al. [20] reported that non-thermal 
dielectric barrier discharge (DBD) plasma with various working gases, including 
Ar, H2, and NH3, was used to desorb oxygen from the titania nanosheets which 
resulted in formation of crystalline core/amorphous shell structure in the form of 
TiO2@TiO2−x. Yet, despite its advantages, there still exist certain drawbacks limiting 
its application which need to be addressed properly. For instance, plasma process-
ing also suffers from unexpected doping, as it happened in the abovementioned 
study [20] where the treatment with NH3 resulted in incorporation of nitrogen atoms 
into TiO2 that occurs accompanied with the appearance of oxygen vacancies and 
Ti3+ centers. In another case, it is mostly used to achieve the formation of oxygen- 
deficient TiO2, and thus, production of other types of defects such as titanium vacan-
cies is hardly possible.

5.2.3.3  Thermal Treatment in Reducing Atmosphere

Oxygen and titanium vacancies also can be created by annealing of pure TiO2 at 
elevated temperatures (generally above ~200  °C) in oxygen-poor or oxygen-rich 
environment, respectively. To reach the ambient with low presence of oxygen, it is 
very common to apply vacuum condition or use specific neutral gases such as Ar, 
He, and N2 or their combinations [14]. Alternately, to activate generation of titanium 
vacancies, it was suggested to apply pure O2 gas [21]. The conditions of this pro-
cessing such as the type of surrounding environment, time of treatment, tempera-
ture, etc. can be used to determine the level of deficiency, its distribution, or specific 
accumulation whether in surface or in bulk [22]. However, there is always the need 
to remember that thermally activated processing often is employed to improve the 
crystallinity of target compositions which might effectively shadow the introduction 
of defects or even completely remove them thus restoring the original stoichiome-
try. This concept can be perfectly illustrated based on the work of Ghosh and 
Nambissan [21] who annealed TiO2 in oxygen-rich atmosphere and discovered that 
formation of VO, VTi, and various defects complexes occurred only at temperatures 
below or equal to 300 °C. Its increasing, in turn, resulted in gradual out-diffusion of 
defects which became a dominating process as it prevailed over their generation 
(Fig. 5.2). Thus, increased quality level of crystal lattice was observed.

5.2.3.4  Vapor-Phase Synthesis

Physical vapor depositions Physical vapor deposition (PVD) such as sputtering 
and evaporation has been extensively applied to grow defective TiO2 nanostructures 
filled mostly with oxygen vacancies. Comparing the basic principles of both of 
these techniques, it is evident that sputtering provides much higher flexibility in 
controlling the stoichiometry of deposited structure as it requires the use of plasma 
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for delivering vaporized sources (often presented in the form of TiOx) to the sub-
strate. Furthermore, Ti metal also can be used as a target material. In this case, reac-
tive ions from plasma apart from serving as transportation tool take the additional 
role of oxidants actively transforming Ti atoms into TiO2 molecule followed by their 
deposition. Accordingly, one might arrive to conclusion that simply by adjusting the 
parameters of plasma source, it is possible to control the introduction of defects in 
finalized compositions. For example, Tomaszewski et al. [23] investigated TiO2 pre-
pared by DC magnetron sputtering and discovered that its oxygen deficiency fol-
lows the concentration of O2 in sputtered gas mixture. In turn, it was also 
demonstrated that temperature of sputtering plays a crucial role in appearance of 
various defects in deposited TiO2, as its increase minimizes the availability of VO, 
while concentration of Ti3+ surprisingly becomes higher [24].

Chemical vapor deposition Chemical vapor deposition (CVD) is a well-known 
and widely established technique which allows to reach highly effective fabrication 
of TiO2 in various stoichiometries and morphologies depending not only on the 
particular conditions of this processing such as temperature and pressure inside the 
reaction chamber or concentration and nature of utilized vapor precursors, their 
chemical compositions, and flow rate and duration of exposure but also even by 
applying certain types of utilized substrate. For example, Zhang and Li [25] inves-
tigated fabrication of TiO2 via mist CVD and discovered that concentration of TTIP, 

Fig. 5.2 (a) Positioning of Raman active mode (at ~144 cm−1) of annealed TiO2 sample. Inset 
shows the plot of peak position with respect to temperature of thermal treatment. This mode origi-
nated from stretching vibrations of oxygen atoms in O-Ti-O bond, and the presence of oxygen 
vacancies (VO) usually results in its shifting toward higher wavenumber side. (b) Analysis of defect 
presence in annealed TiO2 using Doppler broadening spectroscopy performed via detecting the 
dependence of the line-shape parameter, S, from the temperature of thermal treatment. The increase 
of S-parameter indicates the rise of concentration of VTi defect or associated defect-combinations. 
(Reprinted with permission from Ref. [21] with permission from Elsevier. Copyright 2019)
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the chemical that served as one of precursors for reaction, plays a crucial role in 
varying the ratio of oxygen vacancies. Furthermore, it is also possible to employ 
plasma source during CVD which can serve as supplementary tool [26] to add more 
accuracy in precise adjustment of the deficiency ratios within the deposited materi-
als simply by avoiding unnecessary and even sometimes harmful influence of high 
temperatures that accompany the growth process. There are various types of CVD 
which can be applied for fabrication of non-stoichiometric TiO2. Apart from the 
abovementioned mist and plasma-assisted chemical vapor depositions, metal- 
organic chemical vapor deposition (MOCVD) [27] and other types were also 
reported among others. As a final word, it has to be noticed that most of literature 
regarding the formation of TiO2 by CVD techniques focuses mostly on the fabrica-
tion of oxygen-deficient rather than titanium-deficient composition. Apart from the 
fact that O atoms have lower displacement energy than that of Ti, there is also a need 
to notice that CVD synthesis often occurred at oxygen-poor environment, i.e., vac-
uum, which is highly favorable for the release of oxygen atoms. In fact, unexpected 
formation of VO in TiO2 during this processing might become a serious problem as 
it rarely could be avoided.

Atomic layer deposition Atomic layer deposition of TiO2 allows to reach precise 
control down to sub-nanometer level over the defect type, their concentration, and 
distribution during fabrication process. Synthesis of materials is realized as forma-
tion of layered structure where appearance of each layer is determined as a result of 
self-limiting reaction between two precursors. Overall, it is characterized as one 
cycle of ALD. Thus, changing the number of cycles inside the reaction chamber can 
be used to reach the required thickness and structure of composition which, in turn, 
have great correlation with controlling the behavior and nature of defects within it. 
It is also necessary to mention that similar to CVD mentioned above, the influence 
of substrate also often plays a crucial role in this processing. These concepts could 
perfectly be illustrated based on the work of Chang et  al. [28] who investigated 
fabrication of TiO2 thin film (Si or quartz substrate) and nanotubes (anodized alumi-
num oxide was used as a template) via ALD with cycle numbers of 50–700 cycles 
(growth rate was 0.058 nm/cycle and ~0.050 nm/cycle, respectively). It was discov-
ered that appearance of oxygen deficiency in these structures follows absolutely 
opposite trends. Particularly, for TiO2 thin film, the higher concentration of VO was 
observed with respect to the increased number of deposition cycles, while for TiO2 
nanotube arrays, this tendency was opposite, i.e., the lower the cycle number, the 
less VO were formed. Another parameter of ALD process which can be used to 
adjust the presence of defects in deposited structure is the temperature inside the 
reaction chamber. For instance, Wei et al. [29] investigated fabrication of TiO2 by 
plasma-assisted ALD with thickness of ~20 nm and temperatures ranging from 100 
to 300 °C. It was discovered that formation of oxygen-reach structure became pos-
sible once the temperature of deposition exceeded 200 °C.
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5.2.3.5  Chemical-Based Approaches

Chemical oxidation method Chemical oxidation reaction to prepare defective 
TiO2 compositions usually is proceeded via increasing the oxidation number of Ti 
through its association with oxygen atoms available as a separate compound or as a 
part of more complex chemicals. Another option is to use certain chemicals that 
assist in gaining the oxygen from surrounding media thus facilitating the reaction. 
It is often the case that thermal treatment should accompany this process serving as 
additional input of energy to make it speed up. Control over the level of oxidation is 
realized via adjusting the processing parameters and choosing correct chemicals to 
join the reaction. Thus, desired defects with clearly defined concentrations and dis-
tributions can be easily introduced into resulting compositions. Yet, due to the nature 
of this process, these defects mostly refer to oxygen vacancies and reduced Ti and 
Ti interstitials. Simply put, advancing incomplete filling of oxygen atomic positions 
within newly generated TiO2 crystal lattice can be used to form VO. In turn, the 
appearance of Ti3+ centers is realized by limiting the transformation of Ti only to the 
oxidation state of 3+. For example, Liu et al. [30] prepared reduced TiO2-x nanopar-
ticles by oxidizing TiH2 powder in H2O2 solution (at 160 °C for 20–27 h). It was 
discovered that the longer the time of treatment, the higher the concentration of 
defects detected in the bulk and surface.

Chemical reduction method The formation of defects also can be conducted via 
reduction reaction which proceeding usually is achieved through interaction of TiO2 
with various specified chemicals presented in the form of metallic, organic, and 
inorganic compounds without/with assistance of thermally activated environment. 
During this reaction, a certain part of oxygen atoms is effectively evacuated from 
crystal lattice of TiO2 leaving behind VO in a manner very similar to that which 
occurred during reduction by hydrogenation described above, while oxidation state 
of Ti due to acquisition of an additional electron transformed from 4+ to 3+ oxida-
tion state and thus led to appearance of highly useful Ti3+ centers. In fact, oxidation 
state can even be lowered down more even though it is a rare phenomenon. Thus, 
the parameters of reduction reaction should be considered with care as their unproper 
adjustment might result in appearance of opposite effect, i.e., oxidation of newly 
created oxygen vacancies and thus decreasing the overall level of deficiency. This 
concept could be perfectly demonstrated using work of Kang et al. [31] as example. 
It was reported that synthesis of reduced black TiO2 nanotubes was reached by dip-
ping them into 0.1 M NaBH4 for different times at room temperature. Further analy-
sis revealed that applying this treatment within the range of 40 min could lead to 
effective generation of VO, while extending this time further resulted in their gradual 
filling by adsorbed O2.

Solgel method Solgel synthesis is based on the hydrolysis/condensation of a tita-
nium precursor to produce a sol and then a gel, which after drying to remove solvent 
undergoes heat treatment to stabilize the obtained structure and eject unreacted 
chemicals [32]. The formation of defects within it is usually determined not only by 
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the choice of precursors employed in synthesis, their nature, concentrations, and 
utilized fractions but also by conditions of hydrolysis that play a crucial role. 
Moreover, specifications of consequent thermal treatment such as temperature, 
durations, and gas ambient also are applicable to adjust the level of deficiency in 
TiO2 with high accuracy. The advantage of this technique is that it enables to intro-
duce wider-range defects than those mentioned above including not only well- 
known oxygen vacancies and titanium interstitials but also, for example, titanium 
vacancies, which have very high formation energy and thus are challengeable to 
appear. In fact, as solgel synthesis often is accompanied by oxygen-reach condi-
tions, definitely, formation of VTi might be very favorable and even dominated over 
that of other intrinsic defects. For example, Grey and Wilson [33] demonstrated that 
Ti-deficient TiO2 can be achieved via controlled hydrolysis of titanium isopropox-
ide and further treatment at 80 °C or by neutralization at 0 °C of a solution of TiCl4 
in dilute HCl with NH4OH. Thus, flexibility of solgel method in choosing the type 
of defect to produce along with its simplicity allows it to become a highly applicable 
methodology. Definitely, fabrication process can be modified to obtain other 
defects too.

Hydrothermal method The hydrothermal method is a very promising and fasci-
nating route for the synthesis of nanostructured TiO2 as it allows not only to realize 
various complex morphologies including nanosheets, nanoribbons, spheres, nano-
corals, and nanorods via very simple route [34] but also have a great influence on 
their chemical compositions. Its proceeding has very high resemblance to that of 
solgel as often almost similar chemicals are used to create initial solution. Yet, 
application of hydrothermal method is described by its own unique pathway which 
includes the very important and often finalized step of placing this solution into the 
autoclave to be subjected for treatment at certain temperatures (usually within the 
range of ~100–300  °C) and within designated durations of time. Due to non- 
equilibrium conditions created during this process, i.e., presence of high pressure 
activated by thermally driven energy, the fabricated structures often demonstrate the 
existence of various defects within its surface or bulk compositions such as oxygen 
vacancies and Ti interstitials. Their concentrations, distribution, and interactions 
with each other depend on the applied parameters and used chemicals during this 
processing. For example, Yu et  al. [35] demonstrated the formation of bimodal 
nanocrystalline mesoporous TiO2 powders by a hydrothermal method applying tet-
rabutyl orthotitanate as precursor and made a treatment at 180 °C for 1, 10, and 
24 h. It was revealed that the longer the time of synthesis, the lower the presence of 
oxygen within the surface of fabricated TiO2.

Other chemical based methods The abovementioned methods to prepare defec-
tive TiO2 present only a small part of chemical-based approaches available in litera-
ture as this route is very popular among the scientific community due to its simplicity, 
accessibility, low cost, and precise control over parameters of fabrication. As it is 
impossible to introduce them all in details, a brief description of only some of them 
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is provided below as to give a very general idea of their specific particularities and 
unique features.

 (a) Solvothermal method. The solvothermal method is almost identical to the 
hydrothermal route with the only exemption being that the solvent used here is 
non-aqueous which means that there is no need to consider its boiling point. 
Thus, it is possible to apply much higher temperature of synthesis. It provides 
very precise control over the morphology and stoichiometry of obtained TiO2, 
very similar to that which could be reached during hydrothermal fabrication 
given their similarity. For example, Song et  al. [36] applied solvothermal 
method to prepare Ti3+ self-doped TiO2 nanoparticles with fusiform-like mor-
phology which demonstrated excellent visible-light photoactivity.

 (b) Spray pyrolysis. Spray pyrolysis method is based on forming an aerosol from 
various precursor solutions and their consequent transfer toward heated sub-
strate where they are subjected to certain reactions in order to be transformed 
into desired compound. For instance, Dwivedi et al. [37] used titanium isopro-
poxide at concentration of 0.1 M to be sprayed on substrate kept within differ-
ent zones under the temperatures of 400–850 °C to fabricate TiO2 nanoparticles 
with black, green, and white colors (Fig. 5.3). This variation of colorization was 
mostly attributed to the difference in appearance of Ti3+ centers and oxygen 
vacancy defects within the samples as it follows the changes in the temperature 
of substrate.

Fig. 5.3 (a) Schematic diagram of continuous spray pyrolysis technique. (b) Effect of zone tem-
peratures on the color of the TiO2 nanoparticle. (c) Images of white, green, and black TiO2 nanopar-
ticles. (Adapted from Ref. [37] with permission from Elsevier. Copyright 2020)
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5.2.3.6  Electrochemical Methods

Electrochemical reduction In general terms, the electrochemical reduction to fab-
ricate defective TiO2 is very similar to that of chemical process with only difference 
being that the former method requires utilization of electric energy to make the 
reaction occur, while in the latter one, it is pushed forward by difference in chemical 
potentials between participated substances. Thus, the compositions which is going 
to be reduced is considered as cathode during this process, while anode often repre-
sents Pt electrode. In this way, various parameters such as voltage, duration of treat-
ment, the type of electrolyte solution, and its molar ratio determine the concentration, 
distribution, and nature of introduced defects. For instance, Xu et al. [38] demon-
strated the application of this method to reduce titania nanotubes prepared via AAO 
template method by using voltage of 5 V for the duration of 5–40 s. The aqueous 
solution of 0.5  M Na2SO4 was used at room temperature as electrolyte. It was 
revealed that concentration of oxygen vacancies increases following the time of 
treatment. In another example, Zhou and Zhang [39] investigated the influence of 
various voltages on the quality of reduced TiO2 nanotubes. It was determined that 
cathodic current passes the tubes, and it dramatically increases with the used poten-
tial. Thus, higher negative potentials, such as −1.6 V and −1.8 V, resulted in expand-
ing of TiO2 lattice to such an extent that nanotubes were destroyed due to generation 
of cracks. In turn, a moderate potential of −1.4 V proved to be sufficient for intro-
ducing oxygen vacancies and preserving the structure.

Electrochemical oxidation Electrochemical oxidation which also sometimes is 
referred as anodization is recognized as a fast and effective method to modify the 
composition and structure of anode material usually represented in the form of 
metallic Ti foil or other related composition and morphologies by applying an exter-
nal voltage between it and cathode. As for the mechanism, it is explained as follows: 
OH− and O2

− ions widely presented in the electrolyte solution usually move toward 
Ti and react with Ti4+ whose dominated appearance on its surface is catalyzed by the 
current passing through it during anodization. Thus, the formation of TiO2 layers is 
observed. The growth of oxide on Ti has a strong dependency on the presence of 
available oxygen content in the electrolyte (i.e., H2O concentration). To be clear, its 
limitation results in generation of unsaturated oxide state according to the following 
reaction, Ti4++xO2− → TiOX + 2xe− [40], where TiOx is considered to have a certain 
degree of oxygen deficiency compared with fully stoichiometric TiO2. The reliabil-
ity of this strategy was perfectly illustrated, for example, by Tsui et  al. [41]. 
Particularly, it was shown that water content in electrolyte solution influences cru-
cially on the introduction of oxygen vacancy in anodized TiO2 nanotubes and thus 
can be used as effective tool to govern their concentrations. It is necessary to men-
tion that the role of NH4F in creating pores that lead to tubular structure during 
oxidation is left aside as its description is beyond the scope of this chapter.

Electrochemical deposition Electrochemical deposition or electrodeposition is a 
greatly accessible method for preparation of metal oxides on conductive substrates. 
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Its experimental setup has certain similarities to that used to perform electrochemi-
cal reduction and oxidation processes described above as all of them utilize applied 
voltage. Electrodeposition is usually defined by two pathways [42], namely, a 
cathodic route which is based on using TiO2+ solution and anodic route where the 
formation of TiO2 is realized by employing TiCl3

−. The resulting composition usu-
ally is amorphous and requires additional thermal treatment to transform it into 
crystal phase. Control over the concentration ratios of species used in electrodeposi-
tion, pH of the chemical bath, and range of cathodic-anodic scan provide extremely 
high flexibility in application of this method to fabricate TiO2 with desired morphol-
ogy ad stoichiometry. For example, Ertekin et al. [43] demonstrated electrodeposi-
tion of TiOx film which contained various Magnéli phase titanium suboxides such 
as Ti2O3, T4O7, etc. under different applied potentials. Titanyl sulfate saturated solu-
tion was used as source compound. It was discovered that appearance of oxygen 
deficiency and its level were correlated with water insufficiency in supporting elec-
trolyte, while control over suboxide formation was reached via adjusting the value 
of applied potential.

5.2.3.7  Mechanical Methods

High-energy ball milling (BM) is considered to be an effective and accessible 
approach for the synthesis of nanocrystalline powders with desired and controlled 
characteristics and features. In a BM process, the friction and collision of ball could 
lead to appearance of high temperature usually above 1000 °C at highly localized 
region within ~1 μm2 for extremely short time of 10−3 to 10−4 s [44]. Application of 
these conditions to TiO2 as well as to other binary oxides usually results in forma-
tion of oxygen vacancies and other related defects such as distortion of lattice and 
generation of disorder phases. It has to be noticed that this method usually causes 
the dominated appearance of defects in the bulk of materials. Their concentration 
and consequent accumulations could be easily controlled by playing with rotating 
speeds, temperatures, and durations at which the BM is applied. For example, 
Rajender and Giri [45] used commercial TiO2 powder (~80 nm) to make it ball- 
milled under 350 rpm for 40 h using small ZrO2 balls. It was revealed that increasing 
the time of this treatment resulted in more evident transformation of TiO2 into Ti3O5 
compound that was considered to be “an oxygen deficient phase.” Its appearance 
was related to the “presence of oxygen vacancy (Ov) defects in milled TiO2 powder.”

5.2.3.8  Alternative Methods

Fabrication of defective TiO2 can be realized via numerous strategies which, how-
ever, cannot be discussed fully here due to the limitation of pages. Nevertheless, the 
main purpose of this section is to provide general idea where the current progress in 
synthesis of this compound is forwarding. As for more detail discussion, readers are 
suggested to search for appropriate literature.
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Ultrasonication method Ultrasonication enables to make significant changes in 
morphological, optical, and surface characteristics of solution-dispersed TiO2 
nanoparticles, and thus it is often used to create various defects within its structure 
including oxygen vacancies and Ti3+ centers. Their formation is explained as fol-
lows. Ultrasound can generate high-speed inter-particle collisions which lead to 
extreme heating at the point of impact and effective local melting [46]. Thus, the 
stoichiometry of surface is effectively disturbed. For example, Osorio-Vargas et al. 
[47] demonstrated that VO could be successfully created in commercial TiO2 by 
utilization of ultrasonic bath consisting of a direct immersion of ultrasonic horn 
operating at 20 kHz with an acoustic intensity of 1.2 W mL−1 for 6 h. Their appear-
ance resulted in extended optical characteristics of TiO2.

Microwave/UV-light irradiation method Synthesis of various 0-D TiO2 struc-
tures including, for example, hollow nanospheres or nanoparticles, with controlled 
sizes and stoichiometries, can be realized simply by placing the prepared reaction 
solution into microwave oven and its consequent irradiation with designate time and 
power. The appearance of TiO2 as specified phase usually is proceeded via precipi-
tation reaction [48] which is advanced by consequently increased temperature 
within solution. Thus, under certain conditions, it is possible to reach non-complete 
filling of oxygen or titanium atomic sites within crystal lattice during the process of 
TiO2 formation. In turn, microwave irradiation also can be used to treat already 
prepared TiO2 structures creating certain defects within it. For example, Horikoshi 
et al. [49] reported that subjecting well-known commercial P25 powder to micro-
waves source for 10 min resulted in “additional defect sites such as anion and cation 
vacancies… produced in the lattice and subsequently at the surface.” In turn, UV 
irradiation also can be used to introduce various defects in TO2, yet due to its par-
ticularity, it is more suitable to treat already synthesized compositions than to be a 
part of fabrication route. Specifically, low-power UV light is capable to create VO 
and Ti+3. The mechanism of their appearances can be described as follows. 
Illumination with photons with energies higher than band gap generates electron- 
hole carriers in TiO2. Thus, some of the holes which were not recombined with their 
counterparts can react with lattice oxygen leading to its partial removal and forma-
tion of surface oxygen vacancies; in turn, some of the electrons react with lattice 
metals (Ti4+) to make it reduced into Ti3+defective sites.

Ionothermal method Ionothermal method is based on the use of ionic liquids (IL) 
as both the solvent and potential template or structure-directing agent in the formation 
of solids [50]. This approach is very similar to that of hydrothermal synthesis where 
the water is considered as solvent, yet with only difference that, as IL has low vapor 
pressure, it does not require the use of autoclave, and the reaction is easily proceeded 
even in a very simple container. Thus, heating of the solution can be advanced even by 
using, for example, abovementioned microwave irradiation. Li et al. [51] reported the 
fabrication of black Ti3+-doped anatase TiO2 single-crystal by treating Ti foil in 
1-methyl-imidazolium tetrafluoroborate ionic liquid containing acetic acid (HAc), 
N,N-dimethylformamide (DMF), and lithium acetate (LiAc) at 200 °C. In addition, it 
was also stated that oxygen vacancies were produced as well too.
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Solgel combustion method Solgel combustion method identified as solution com-
bustion synthesis is a mixture of chemical gelation procedure and combustion pro-
cess. To be more precise, the proceeding pathway involves an exothermic 
decomposition reaction of an aqueous gel and a thermally induced anionic redox 
reaction [52]. Their correct realization can be used to obtain various nanoscale pow-
dered structures and compositions at relatively low temperatures with controlled 
agglomerations, sizes, and distributions as well as designated presence of certain 
defects. For example, Xiao et al. [53] used this method to prepare Sm3+-doped TiO2 
nanocrystalline via baking precursor gel contained titanium isopropoxide 
(Ti(OC2H5)4) and Sm(NO3)3 along with required solvents at 150 °C in muffle fur-
nace followed by auto-ignition at about 250 °C. The resulting compositions con-
tained 0.5%, 1.0%, and 1.5% of Sm. It was demonstrated that content of surface 
oxygen vacancy had a strong dependency to presence of doped ions and reached 
highest degree as concentration of Sm in TiO2 equaled to 0.5 mol%.

Rapid quenching after thermal annealing Annealing of TiO2 in air at tempera-
tures approaching 1000 °C results in appearance of certain concentration of oxygen 
vacancies and Ti3+ centers given that they have specific activation energy barrier. 
However, due to gradual cooling, some of these defects if not all were filled with 
oxygen from the surrounding thus resulting in their partial and even sometimes full 
annihilation. To solve this problem, Liu et al. [54] demonstrated the use of rapid 
quenching in the form of direct throwing of annealing samples into ice-water media 
which resulted in freezing of defects. It allows them to stay in crystal lattice after 
cooling down and be easily detectable. Furthermore, it was revealed that the higher 
the temperature of annealing, the more defects could be detected after freezing 
(Fig. 5.4).

5.2.3.9  Influence of TiO2 Crystallinity and Phase on the Formation 
of Defects

TiO2 has two main crystal phases, namely, anatase and rutile (brookite is deliber-
ately excluded given the number of published works regarding it), which have some 
differences in their structural characteristics and arrangement of atoms as well as 
physical and chemical properties. Thus, formation of defects in each of them is 
determined by certain particulates and very defined restrictions that should be taken 
into consideration during fabrication process or consequent treatment steps as their 
incorrect interpretations might result in unexpected outcome. Simply put, the pro-
cess, which is applicable to anatase, in some cases cannot be utilized under the same 
conditions with regard to rutile and opposite. In turn, level of crystallinity also plays 
a crucial role in introduction of defects into TiO2. For example, fully crystallized 
and partially or completely amorphous compositions have different activation 
energy barriers which should be effectively overcome as to make TiO2 become defi-
cient. More details are provided below regarding these topics. For simplicity and 
compactness, the discussion mostly refers to the hydrogenation process which 
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usually results in changing the color of TiO2 from white to gray or black due to 
formation of disordered compositions and appearance of oxygen vacancies/Ti3+ 
centers. It necessary to notice that the same descriptions with slight modification 
and certain reservation might also be applied to other processing.

Anatase phase Anatase is low-temperature crystalline phase of TiO2. The following 
specifications regarding its defective engineering are required to be brought into 
attention during hydrogenation. Firstly, formation of defects in anatase can be real-
ized only at temperatures up to 600 °C as its further increasing would result in appear-
ance of rutile phase. Secondly, the higher the temperature, the more advanced is the 
concentration, and the more uniform is the spread of oxygen vacancies, the better is 
the photocatalytic/photoelectrochemical response of TiO2 [55]. Thirdly, anatase orig-
inally has higher Urbah energy than that of rutile due to lower coordination between 
octahedra [56], which represents that within equivalent conditions, it possesses more 
disorder states and/or accommodated defects. Fourthly, DFT calculation showed that 
anatase has lower formation energy of VO compared with that of rutile [11]. Fifthly, 
allocation of Vo defects in anatase follows homogeneous distribution, making the 
maximum possible distance from one another [57]. Sixthly, in anatase, VO is more 
stable on the surface than underneath it, which is opposite to rutile [4].

Rutile phase In opposition to anatase, rutile is considered to be a high-temperature 
stable phase of TiO2 as its appearance occurs after thermal treatment at temperatures 
over 600 °C. It is also possible to use direct fabrication via hydrothermal, solgel, or 
other related experimental approaches to initiate it. The following particularities of 
defect formation are connected with this phase with regard to hydrogenation. Firstly, 

Fig. 5.4 (a) Digital pictures of q-TiO2 (quenched) and n-TiO2 (normally cooled) samples prepared 
from the commercial P25 powders after being subjected to different temperature of pre-annealing. 
Quenched samples have pale blue color, while normally cooled down, white color. (b) EPR spectra 
recorded at 100 K for a-TiO2 and q-TiO2 after pre-annealing at different temperatures. Signals at 
g ≈ 1.95 and g = 2.003 demonstrate the appearance of Ti3+ interstitials and VO in quenched sam-
ples. The higher their intensities, the more defects are produced. (Reprinted from Ref. [54] with 
permission from American Chemical Society. Copyright 2017)
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its most optimal concentration and distribution of defects usually can be reached at 
temperature much lower than that of anatase. For example, if anatase requires 
hydrogen-supported thermal treatment at ~550 °C to have an optimal presence of 
defects, it is enough to use only 350 °C for rutile to reach it [55]. Secondly, appear-
ance of Ti interstitials in rutile requires application of lower formation energy than 
that of anatase [11] which makes their presence more favorable than that of VO, yet 
it is debatable [3]. Thirdly, hydrogenation leads to higher photoelectrochemical effi-
ciency of rutile than that of anatase taken in absolute values considering the com-
parison of samples after their introduction to most optimal conditions of treatment 
[55]. Fourthly, it was discovered that after hydrogenation and introduction of 
defects, conduction band of black rutile becomes higher in energy than that in black 
anatase by ~0.4 eV. It has to be noticed that before treatment, it had difference of 
only ~0.1 V [58]. Fifthly, the distribution of oxygen vacancies is heterogeneous in 
rutile [57]. Sixthly, band gap of rutile is lower than that of anatase (3.0 eV vs 3.2 eV). 
Thus, as defects create mid-gap energy levels within the band gap, their locations 
with respect to CBM and VBM can be different depending on crystalline form. 
Seventhly, change of valence band minimum, or appearance of band tail due to 
introduction of oxygen vacancies, is less evident in the case of rutile compared with 
that of anatase [58].

Mixed phase It is very easy to obtain mixed phase composition of TiO2 (mixed 
TiO2) as annealing at temperatures of 650–700 °C of pure anatase structure is sim-
ply enough to reach it. Compared with pure TiO2 existing in anatase or rutile forms, 
its mixed phase composition has some particularities which makes introduction of 
defects there a highly specific process. Firstly, its response to hydrogenation treat-
ment is very similar to that of anatase phase, yet it cannot be said that due to pres-
ence of rutile, the optimal temperature can be extended beyond 550–600 °C [55]. 
Anatase, in fact, should always be presented in mixed TiO2 as it is considered to be 
a dominated phase to make the introduction of defect more feasible and to keep high 
photocatalytic efficiency. Secondly, formation of oxygen vacancies can accelerate 
the phase transformation and the formation of Ti interstitials oppositely suppressing 
it [59]. Thus, temperature of hydrogenation should be chosen carefully. Thirdly, 
once two phases combined together and form heterojunction, they usually are elec-
tronically coupled. Presence of defects results in increasing or lowering the charge 
dynamic between phases, depending on which type of defect is introduced, where it 
is located, and its concentration. For example, it was reported that if VO is intro-
duced into the interface, it has no influence on electron transfer and only governs the 
activity of holes [60]. Thirdly, ratio of rutile to anatase can influence the introduc-
tion of defects and their characteristics given that each phase has its own particulari-
ties. For example, anatase-rich compositions show longer photo-induced carrier 
lifetime compared to that of rutile-rich mixed phase [61]. Fourthly, rutile and ana-
tase combined together can behave differently toward introduction of defects and 
even serve as compensating counterparts neglecting positive impacts to each other. 
It might result in various controversial and even negative phenomenon, including, 
for instance, non-uniform appearance of disordered structure or opposite trends in 
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advancing the morphology due to changes in surface free energy [62]. Fifthly, and 
most importantly, mixed-phase TiO2 before and after hydrogenation always shows 
higher photoefficiency than that of pure rutile and anatase phases [55].

Partly crystallized TiO2 The above discussion regarding various phases of TiO2 
was attributed mostly to fully crystallized TiO2. In turn, it is necessary to say several 
words about its partly crystallized form as introduction of defects in it has one 
important difference. Theoretical calculation performed by Pham et al. [63] demon-
strated that formation energy of oxygen vacancy is significantly reduced down to 
several eV upon introduction of amorphization into crystalline structure. 
Furthermore, it was also suggested that at Fermi levels near the VBM, the VO with 
charge states of +1 and +2 could form spontaneously in amorphous TiO2. It could 
be attributed to the weakening of intrinsic bonding and decaying strong periodic 
arrangement which leads to appearance of “loosen structure,” thus making the 
escape of atom to be realized as lower energy cost. It also leads to higher-level struc-
tural disordering compared with fully crystallized TiO2.

5.2.4  Properties of Defective TiO2

5.2.4.1  Structural Properties

Structural properties of defective TiO2 are mostly governed by two types of defects, 
namely, oxygen vacancies and Ti interstitials. Particularly, the introduction of oxy-
gen vacancies in TiO2 modifies its geometric structure due to the atomic rearrange-
ment. Removal of O atom results in outward relaxation of three nearest Ti atoms in 
order to strengthen their bonding with the rest of the lattice. It decreases the overlap 
between the three Ti dangling bonds and leads to reducing the length of the Ti-O 
bond length [14]. This result is confirmed by lowering the lattice dimension of 
oxygen- deficient TiO2 detected by X-ray diffraction analysis [64]. In turn, the for-
mation of Ti interstitials which occur due to inter-diffusion of Ti atoms usually leads 
to lattice expansion. Following it, one might notice that simultaneous presence of 
both mentioned types of defects TiO2 likely results in appearance of compensating 
effect, and thus any significant changes in lattice parameters could hardly be 
observed [37].

Furthermore, it was revealed that formation of these defects within the surface 
induces to increased roughness of the TiO2. The origin of this phenomenon could be 
explained based on example of VO [64] (Fig. 5.5). Since it is considered to be a low- 
energy bulk defect, its appearance on the surface of TiO2 results in distortion of its 
free energy. Thus, the search for new local thermodynamic equilibrium can only be 
proceeded by mass redistribution. The preferred reconstruction is established when 
the lowest energy is reached. The higher concentration of oxygen vacancies leads to 
more dramatic change of the surface roughness. In addition, introduction of VO and 
accompanied Ti3+ centers often results in appearance of disordered shell around the 
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crystalline core or on the surface of thin film [14]. Its thickness as well as stoichio-
metric compositions and level of amorphization can be easily adjusted by condi-
tions of post-synthesis treatment, yet precision of this tuning is still far from 
required. It was revealed that the higher the thickness of disordered layer, the higher 
the amount of newly created intrinsic defects.

5.2.4.2  Optical Properties

Introduction of oxygen vacancies and Ti3+ centers into TiO2 usually results in forma-
tion of localized energy states within the band gap. It not only enables to increase 
the overall absorption in parallel but also allows to reduce the band gap and thus to 
extend the absorption edge toward visible and even infrared wavelength. Thus, the 
electron firstly jumps from the valence band to the oxygen vacancy or reduced Ti 
centers or its interstitial which serves as an intermediate transition level, and later it 
is transferred further toward the conduction band. These VO- and Ti3+-induced defec-
tive states are supposed to locate mostly near the conduction bands given their 
donor-like characteristics. Particularly, DFT calculation revealed that various con-
figurations of Ti3+ resulted in appearance of states within ~0.3–0.8 eV under con-
duction band [65], while those of oxygen vacancies were determined to exist at a 
distance of ~0.75–1.18 eV from it [14]. Furthermore, formation of two additional 
groups of mid-gap states created at about ~1.8 eV and ~3.0 eV was revealed, where 

Fig. 5.5 (a) Two-dimensional AFM images of TiO2 thin films. (a) As-deposited, (b) annealed in 
air at 500  °C, and annealed in hydrogen at (c) 350  °C, (d) 400  °C, (e) 450  °C, and (f) 
500 °C. As-deposited sample represents amorphous structure. Annealing in air for 500 °C was 
done to make it serve the role of control sample. Annealing in hydrogen, in turn, was used to intro-
duced VO. (g) Roughness values Ra and Rq (nm) for TiO2 thin film. (h) Normalized surface density 
of oxygen vacancies in hydrogenated TiO2 thin films with reference to the sample annealed in air 
at 500 °C. (Reprinted from Ref. [64] with permission from Elsevier. Copyright 2015)

5 Case Study I Defect Engineering of TiO2



167

the former one was derived from the Ti 3d orbitals, while the latter was hybridized 
from O 2p and Ti 3d orbitals and mainly caused by the disordered states [66]. The 
level at ~1.8 eV was accounted for blue shift of valence band edge and extending the 
absorption far beyond UV spectra. In addition, as TiO2 becomes sensitive to visible 
light, its color is often changed from original white to yellow-green [20], gray [22], 
or black [26], depending on the nature, concentration, and distribution of newly cre-
ated defects, their arrangement whether on the surface or in bulk, and methods used 
to introduce them. In turn, it has to be noticed that titanium vacancies and oxygen 
interstitials are seldom used as contributors to the changes in optical properties as 
their formation in TiO2 is considered to be unfavorable due to acceptor-like charac-
teristics, and application of strong O-rich conditions is required to initiate them.

5.2.4.3  Chemical Modifications

Formation of various defects often leads to serious chemical changes in TiO2 which 
influence crucially on its initial compositions. For example, oxygen deficiency 
might lead to transformation of TiO2 into one of its suboxides, which are called 
Magneli phases and represent the form of TinO2n−1. In turn, as defective TiO2 often 
is created by hydrogenation process whether in the course of thermal treatment or 
due to exposure to plasma, it often results in introduction of H atoms into it and 
consequent formation of energetically stable Ti-OH bonds and Ti-H groups that also 
have certain influences on various characteristics of reduced TiO2 and thus cannot 
be ignored. In turn, the appearance of Ti vacancies would result in formation of sub- 
stoichiometric compound present in the form of Ti1−nO2.

5.2.4.4  Electronic Properties

Formation of intrinsic defects in TiO2, specifically, oxygen and Ti vacancies, has a 
crucial effect on electronic configuration of its band gap due to appearance of addi-
tional mid-energy levels close to conductions and valence bands, respectively. As 
for more detailed discussion, VO appears in the form of +2 as it is found to be the 
most stable and energetically favor charge state in neutral TiO2 [5]. Due to its shal-
low nature, it serves as the source of n-type conductivity, and increase of its concen-
tration results in increasing the ratio of available electrons. It leads to appearance of 
polarons characterized by localization of an electron on a particular Ti site, chang-
ing its oxidation state from +4 to +3 [67]. Following it, the polaronic states are 
determined to reside at ~0.94 and ~1.3 eV below the conduction band in addition to 
that of VO, with the two electrons having the same spin; they localize in separated Ti 
atoms. Polarons also can be caused by lattice distortion such as appearance of dis-
ordered states that often accompanied the formation of VO [68]. Similar to that of 
Ti3+ and VO, they also can have their own energy states within the band gap. When 
the Fermi level is shifted upward over ~2.8 eV due to increased concentration of 
donor-like charge carriers and their continuous advancement over that of their 
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acceptor-like analogies, the dominated charge state of VO is transformed into neutral 
[5], which cannot contribute anymore to strengthening of n-type conductivity [69]. 
Electrons, oppositely, localize in its own vacancy site [14] which likely becomes a 
trapping center for them. One of those electrons can possibly join Ti site to reduce 
the oxidation state from +4 to +3. In turn, VTi takes positions near valence band and 
plays the role of compensating center for negatively charged carriers declining their 
concentration. Thus, the more VTi is proceeded, the more downward is the shift of 
Fermi level which results in dominated appearance of positively charged carriers.

5.2.4.5  Electrical Properties

TiO2 in n-type semiconductor and due to its wide band gap of ~3.2–3.4 eV has low 
electrical conductivity and is unable to realize efficient charge transport which 
makes it sometimes utilized as insulator layer for various nanoscale devices such as 
field-effect transistors [70]. To enhance its characteristics in terms of concentration 
and mobility of charge carriers, defect engineering is considered to be a highly 
effective tool. Simply put, as oxygen vacancies and Ti3+ centers have clearly defined 
donor-like characteristics, their introduction into TiO2 results in increased concen-
tration of electrons accompanied by upward shifting of Fermi level toward conduc-
tion band. Moreover, it was discovered that resistivity might increase with decreasing 
the temperature down to freezing conditions [71] which is a very similar behavior 
of metals and represents the departure of defective TiO2 from its insulating features. 
In fact, Smith et al. [72] stated that conductivities of TiO2 suboxides, i.e., Magneli 
phases, are comparable to that of graphite. In turn, Ti vacancies due to their shallow 
nature and acceptor-like characteristics can be used to reach dominated presence of 
positively charged carriers in TiO2. Thus, their successful introduction (in this case, 
the presence of Ti vacancies is expressed in absolute values) or reaching the excess 
of oxygen (in this case, the presence of Ti vacancies is expressed in relative values) 
can be used to transform this semiconductor into p-type compound.

5.2.4.6  Other Properties

Apart from the abovementioned characteristics, formation of defects in TiO2 can 
influence other properties which are briefly discussed here.

 (a) Ferromagnetism. It was reported that oxygen vacancy with the charge state of 
+1 enables induction of room temperature ferromagnetism in TiO2. Several ori-
gins of its appearance were proposed in literature including strong  hybridization 
between the O 2p states and the Ti 3d states [73], presence of lattice distortion 
and consequent redistribution of charges [74], Stoner exchange splitting of the 
Ti 3d band [75], etc. In turn, titanium vacancies also can lead to formation of 
magnetic moment in TiO2 which could be explained via asymmetry of O 2p 
states due to electron transfer from nearby Ti atoms [73].
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 (b) Thermal conductivity. Increased concentration of point defects results in inter-
ruption of homogeneous thermal carrier propagation and development of local 
hotspots that may lead to increased possibility of device fail and breakage. 
Following it, one might consider that the more defects introduced into TiO2 
such as oxygen and titanium vacancies, the lower the value of its thermal con-
ductivity becomes. In addition, it should be mentioned that dimension of pro-
duced defects also plays a role. As it was shown by Ok et al. [76], planar defects 
have higher impact on phonon scattering as compared to the point defects.

5.2.5  Defective TiO2 via Theoretical Simulations

5.2.5.1  Various Simulation Models and Their Outcome

The main tool which is used to reproduce formation of defects in TiO2 via theoreti-
cal modeling is the density functional theory (DFT) whose wide application is 
determined by low cost of its accessibility and appropriate accuracy of resulting 
outcome assuming that correct choice of exchange-correlation energy functionals 
was realized. To be clear, these functionals, in fact, play the most important and 
crucial role not only in correct representation of TiO2 structure but also in proper 
descriptions of processes happening within it. Various types of them are presented 
in literature including well-known local density approximations, generalized gradi-
ent approximation, etc. Yet, their application might not be considered as the best 
option as they cause the appearance of self-interaction error (SIE) whereby an elec-
tron spuriously interacts with its own density [77]. It has crucial impact on under-
standing the depth of defect states in TiO2 as it results in underestimation of the d 
electron localization and the amount of lattice distortions at vacancies [4]. In this 
case, hybrid DFT realized via selective incorporation of the Hartree-Fock theory 
into standard functional could be considered as attractive alternative. It resulted in 
development of the following functionals: B3LYP, the Heyd, Scuseria, Erzernhof 
(HSE) functional, screened exchange function, PBE0, etc. They all have been found 
great application toward investigating TiO2 as they allow to estimate its intrinsic 
defects in terms of their various characteristics and particularities including forma-
tion energies, transitions levels, and geometrical relaxation with accuracy very close 
to that obtained via experimental approaches. In addition, it needs to mention that 
Hubbard “+U” correction often is used as external feature to correct SIE within 
standard DFT calculation. Its employment to oxygen-deficient TiO2 encourages 
localization of excess electronic charge with the qualitative distribution depending 
on the choice of its value [78]. Finally, GW (Green function) perturbation method is 
also often applied to calculate various parameters of defects in TiO2. Its correction 
of DFT eigenvalues takes care of self-energy and self-interaction errors and resolves 
the problem of band-gap underestimation [5].
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5.2.5.2  Comparison with Real Experimental Studies

Estimation of computation modeling only becomes reliable if its outcome can find 
the reflection in the experimental data and vice versa. Simply put, it is important that 
theory and practice follow each other as to contribute equally into further advance-
ment of current knowledge regarding the structure and properties of defective TiO2 
following mutual correlation and consequent relevance. For example, previously, it 
was a huge problem of DFT calculation to correctly introduce band gap of TiO2 as 
without it, the obtained values of defect transition levels, as well as the values of 
their formation energies, could hardly be applied to real samples. With development 
of more advanced simulation methodologies, this problem and some other less evi-
dent mismatches were effectively solved which brings into effect the possibility to 
accurately predict, estimate, and explain the defective TiO2 and thus to serve as 
visualization tool to understand what happens inside it during actual experimental 
procedure. In fact, it became very common recently to combine together both theo-
retical and practical approaches as to confirm the reliability of the obtained results. 
For example, both of them demonstrate that black TiO2 as a result of hydrogenation 
is mainly formed due to appearance of mid-gap states that make upward shift of 
valence band [66]. Yet, the limitation of computing simulation is very evident as, for 
example, it cannot be applied to absolutely any really existed material systems since 
additional complexness and multi-structure composition might become a huge 
obstacle for correct evaluation of its defectiveness. Thus, it is very common that 
DFT calculations mostly are referred to flat 2-D compositions of TiO2, while its 
other forms such as 0-D (i.e., decahedral faceted nanoparticles, hollow spheres), 
1-D (i.e., nanowires and nanorods), and 3-D structures (i.e., hierarchical composi-
tions, mesoporous materials) deserved much less attention. It is out of question that 
formation of defects in any of them would follow absolutely different scenarios in 
terms of charge localization and redistribution given the existence of quantum con-
finement effect. Thus, development of theoretical modeling is continued in order to 
make its capability satisfy the needs in simulating current experimental outcome.

5.2.5.3  Current Challenges

Theoretical simulation has challenges which need to be overcome as to make the 
estimation of materials structure, in our case, defective TiO2, highly reliable, effi-
cient, and, most importantly, realistic. Some of them are described below; however, 
it is impossible to cover them in sufficient detail here, and thus interested readers are 
suggested to address proper literature for more details. Firstly, as DFT calculations 
traditionally determine the properties at T = 0 K unless others are specified, the 
reported conclusions might require additional verifications to match the real experi-
mental measurement which is mostly performed at ambient conditions or in extreme 
environments. Definitely, finite temperature approach has been already developed 
and successfully applied, yet its complexness limits its wide spreading. Secondly, 
the terms such as “O-poor” and O-reach conditions” are often mentioned during 
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simulations modeling. Yet, in each experimental setup, they can be defined differ-
ently in terms of applied pressure or used ambient as well as concentration of oxy-
gen in it, and it might influence the behavior of defects. Thirdly, for DFT approach, 
defects are usually considered to exist within a clearly defined cluster which con-
tains a very specific number of atoms. Yet, it might be the case that in real situation, 
various clusters within the same materials have different synergies and thus behave 
differently. Fourthly, there always might be impurities which likely interact with 
defects. For example, formation of VO in TiO2 can be realized by Ar+ ion sputtering 
that, in turn, also leads to their doping into surface and bulk layers [79] (Fig. 5.6). 
To remove them, additional thermal treatment is required. Fifthly, it is often assumed 
that TiO2 initially has full stoichiometry which is changed only after appearance of 
intentionally introduced defects. However, in reality, TiO2 is usually prepared by 
non-equilibrium synthesis such as vapor-based methods and thus already becomes 
filled with certain defects, for example, oxygen or titanium vacancies, upon end of 
fabrication that causes localized distortion of crystal lattice and influence the 
stoichiometry.

Fig. 5.6 (a) Total argon content in a rutile TiO2 (110) crystal after argon ion bombardment as a 
function of annealing time. (b) Temperature-dependent X-ray photoelectron spectra of the Ar 2p 
region obtained from a rutile TiO2 (110) single crystal after 20 min argon-ion bombardment and 
subsequent annealing at the given temperatures. (Reprinted from Ref. [79] with permission from 
American Chemical Society. Copyright 2019)
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5.2.6  Application of Defective TiO2 as Photocatalyst

5.2.6.1  Brief Overview

Given its exceptional properties, such as high stability, resistance to chemical corro-
sion, low-price, compatibility with most of biological organisms available in our 
planet, and nontoxicity, titanium dioxide has been investigated widely as an effec-
tive photocatalytic material for various applications such as degradation of harmful 
dyes, nitrogen fixation, production of hydrogen via water splitting, reduction of 
CO2, etc. However, the accomplishment of these processes at sufficiently high level 
is restricted by certain particularities of TiO2 given its wide band-gap nature which 
represents inability to absorb visible light and extremely high recombination rate of 
photogenerated electron/hole pairs. Numerous attempts have been made to over-
come these problems including decoration with noble metal, co-catalyst immobili-
zation, and controlled faceting. Intrinsic defect engineering can be considered as 
attractive alternative to them since it changes the properties and characteristics of 
TiO2 through modification of its own compositional structure without use of any 
external materials or chemical. As it was shown above, it can be used to extend its 
absorption profile toward visible-light region and increases the concentration of 
available charge carriers as to make them serve the purpose of enhancing the rate of 
redox reactions with adsorbed molecules. A more detailed discussion of application 
of defective TiO2 to each photocatalytic process is provided below.

5.2.6.2  Photocatalytic and Photoelectrochemical Water Splitting

Producing hydrogen from water using solar light irradiation is considered to be a 
perspective sustainable and environmentally friendly solution to currently used 
technologies. Defective TiO2 due to its unique characteristics not only enables to 
initiate this process but also sufficiently contributes to improving its effectiveness 
and steadiness. The conduction band minimum of the defective TiO2 is thermody-
namically and kinetically favorable for water reduction. For example, Chen et al. 
[66] discovered that hydrogenated black TiO2 nanoparticles obtained by treating at 
200 °C for 5 days under 20 bar H2 could produce nearly 0.2 mmol of hydrogen gas 
per hour under simulated solar light which is two orders of magnitude greater than 
the yields of most semiconductor photocatalysts reported previously. Furthermore, 
throughout 15 testing cycles in 15 days, the high H2 yield kept unchanged without 
catalyst degradation, demonstrating an excellent stability for the black TiO2. In turn, 
it was reported that hydrogenated TiO2 nanotubes prepared via electrochemical 
method displayed improved photocurrent of 0.65 mA/cm2 which was nearly two 
times higher than that of their untreated analogies (0.29 mA/cm2) [38]. Yet, it has to 
be noticed that often the mismatch between the amount of increased absorption or 
band-gap narrowing and the corresponding photocatalytic performance was 
detected. To be clear, even though absorption in the visible spectra might be extended 
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due to the presence of defects, visible-light-driven reaction activity simply is absent, 
and the overall enhancement of solar light-induced performance is only realized via 
increased utilization of UV light and/or higher concentration of available charge 
carriers accompanied by lower recombination rate of electron-hole pairs [71]. One 
of the reasons of this behavior might be referred to the positioning of energy levels 
created by VO in the band gap, as their localization below the reduction potentials of 
H2O might result in the inability to contribute electrons residing there to the hydro-
gen evolution reaction. Finally, one should notice that there exists an optimized 
concentration of defects, which results in greatest photocatalytic/photoelectrochem-
ical performance. Its overpassing might cause the declining of efficiency.

5.2.6.3  Light-Induced Water Purification

Photocatalytic degradation of dyes using solar light is defined as a heterogeneous 
oxidation process in which highly toxic molecules undergo complete transforma-
tion into non-hazardous compounds such as carbon dioxide and water. Defective 
TiO2 due to its unique characteristics can sufficiently contribute to the enhancement 
of its efficiency. For example, Chen et al. [66] investigated degradation of methy-
lene blue under solar light irradiation using fully stochiometric (white) and defec-
tive (black) TiO2. For the former compound, complete removal of this dye from 
solution was observed after 1  h, while for the latter, it was reached within only 
8 min which revealed nearly ~7 times higher efficiency. The more vacancies pro-
duced, the better the efficiency of photocatalytic degradation, yet it only works till 
their concentration reaches saturation [64] (Fig. 5.7a, b). Compared with hydrogen 
production, this processing also can be effectively and, most importantly, much 
easier to be realized under visible light as it has less restrictions toward positioning 
of mid-gap levels with respect to potentials of redox reactions.

5.2.6.4  Photoconversion of CO2

Photocatalytic reduction of CO2 with water to produce solar fuels is an attractive 
approach to lower the negative impact of greenhouse gases and also to produce vari-
ous valuable carbon-neutral fuels. Defective TiO2 due to its unique characteristics 
can sufficiently contribute to the successful realization of this processing due to the 
following particularities [80]. Firstly, oxygen-deficient surface is thermodynami-
cally more favorable to adsorb CO2 than a defect-free surface. Secondly, defect sites 
contribute to the dissociation of H2O into OH which assist in chemisorption of CO2 
and formation of biocarbon and CO2

− species. Thirdly, defect sites benefit the 
absorption and dissociation of water on the surface of TiO2. Fourthly, electrons 
trapped on the surface VO can help CO2 adsorption, activation, and dissociation even 
in dark. For example, Liu et al. [81] realized helium pretreatment of as-prepared 
TiO2 at a moderate temperature which resulted in the formation of surface VO and 
Ti3+ centers on anatase, brookite, and rutile. Compared to the un-pretreated samples, 
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the activity of the He-pretreated samples to photoreduce CO2 was enhanced by 2.2, 
10.3, and 3.9 times for CO production and by 13.3, 8.2, and 5.5 times for CH4 pro-
duction, respectively (Fig. 5.7c). Finally, there is a need to notice that performance 
of TiO2 often starts to drop after a few hours during the reaction of CO2 photoreduc-
tion with H2O vapor, which is likely due to the competition between adsorption of 
H2O and CO2 [80]. As defective TiO2 dissociates H2O into OH, it might contribute 
to enhancing the stability of this processing.

5.2.6.5  Other Applications

Apart from the abovementioned well-known photocatalytic reactions where defec-
tive TiO2 can be used, it also can be applied successfully in other less studied but 
nevertheless also highly important light-induced processes.

Fig. 5.7 (a) Photocatalytic degradation of aqueous methylene blue under simulated sunlight in the 
presence of TiO2 thin films, annealed in air at 500 °C or in hydrogen at 350 °C, 400 °C, 450 °C, 
and 500 °C. (b) Kinetic rate constants of TiO2 thin films vs. normalized surface densities of oxygen 
vacancies. (Reprinted from Ref. [64] with permission from Elsevier. Copyright 2015). (c) 
Production of CO and CH4 on the three un-pretreated and He pretreated TiO2 polymorphs for a 
period of 6  h photoillumination. (Reprinted from Ref. [81] with permission from American 
Chemical Society. Copyright 2012)
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 (a) Nitrogen fixation. Zhang et al. [82] reported that optimized VO concentration in 
TiO2 can result in significant activation toward processing of N2 molecules that 
leads to detection of photofixation rate at 324.86 mmol h−1 g−1 (full spectrum). 
In turn, the corresponding apparent quantum yield (AQY) under 365 nm illumi-
nation reaches ~1.1%. It is considered to be a relatively high level compared to 
other reports in the literature. Authors demonstrated that VO coordinate charge 
separation efficiency, dissociative adsorption capacity, and activation of N2 
molecules.

 (b) Photoreduction of nitric oxide. According to Wu and van de Krol [83], Fe- 
stabilized oxygen vacancies in nanosized TiO2 might serve as active centers for 
the photocatalytic reduction of nitric oxide into N2 and O2 and assist in their 
spontaneous desorption from the surface. In turn, photoreduction via fully sto-
chiometric TiO2 which resulted in appearance of nitrate species makes them 
stay on the surface thus deactivating the catalyst. Thus, presence of VO also can 
assist in suppressing the formation of undesired NO2 from photooxida-
tion of NO.

5.2.6.6  Current Challenges and Future Perspectives

Although great progress has been achieved in realization of efficient light-induced 
processing using defective TiO2, there is still a long way ahead before their practical 
application becomes real in terms of both economic and environmental benefits. To 
achieve this goal, the following challenges need to be addressed in the future. 
Firstly, it is important to make photocatalytic reactions occur under visible-light 
illumination, especially the ones which are in a high demand now, i.e., water split-
ting and CO2 reduction. It is often the case that increased absorption beyond wave-
length of ~400 nm or narrowed band gap has almost no contribution to the efficiency 
of solar light-induced processes. Secondly, the mechanism of some of the above-
mentioned photocatalytic reactions that are proceeded by application of defective 
TiO2 is still far from understanding even though great progress has been made in 
recent years. For example, reaction pathways of CO2 photoreduction are very com-
plicated, and the knowledge about evolution of oxygen vacancies and Ti3+ centers 
during their realization in terms of diffusion, interaction with each other, and 
changes of charge states might sufficiently contribute to enhanced effectiveness and 
stability of this reaction. Thirdly, it is highly necessary to create more efficient fab-
rication processing or treatment protocol which can lead to controlled introduction 
of defects. Currently available approaches are often suffering from inability to pre-
cisely tune the distribution, concentration, or nature of intrinsic defects and thus still 
practically implacable for full industrial implementations.
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5.2.7  Amorphous TiO2: Alternative to Defective TiO2

5.2.7.1  Introduction: Amorphous TiO2 vs Crystalline TiO2

Most of the research and investigation dedicated to TiO2 in the last decades have 
been fully concentrated on its crystalline phases, while amorphous form (a-TiO2) 
remained to be less studied given that it contains disorder composition accompanied 
by almost constant presence of various intrinsic defects which were considered to 
have negative influence on the performance of photocatalytic systems. Yet, with 
developing of defect engineering and its application to various semiconductor mate-
rials, recently, this view was completely changed as it was determined that these 
features, in fact, oppositely, are highly desirable and can be used to control physical 
and chemical characteristics of TiO2. In particular, it was determined that amorphiza-
tion and the favorable formation of the oxygen vacancy in a-TiO2 could promote the 
appearance of hole transfer channel at about 1–1.5 eV above the valence band maxi-
mum which is responsible for good conductivity [63]. It can provide additional con-
tribution to the enhancing the efficiencies of photochemical reactions. Thus, it is 
obvious that very unusual electronic structure and disorder atomic arrangements 
make a-TiO2 much different from that of crystalline phases, and it allows to demon-
strate very unique physical and chemical properties. Based on this, it was determined 
that this compound can be applied in the following roles during light-induced pro-
cessing [84]: (i) amorphous TiO2 can act as an active component to promote light 
harvesting in UV, visible, and near-infrared regions owing to the lattice disorder, and 
(ii) amorphous TiO2 can serve as a protection layer for coating conventional photo-
electrodes for corrosion protection in photo-induced water splitting.

5.2.7.2  How to Fabricate Amorphous TiO2: 
Morphology-Controlled Synthesis

0-D structures Formation of amorphous TiO2 in the form of 0-D structures allows 
to obtain this compound with high specific surface area which apart to already 
existed disordering and presence of various defects, is considered to be an addi-
tional contribution to the enhanced performance of photocatalytic systems. Simply 
put, this geometry  provides  higher number of reactive sites, and also enables 
to increase the concentration of absorbed photons. The synthesis procedure is usu-
ally realized via chemical-based route since it allows to achieve precise control over 
the size and morphology of 0-D structures. The difference between fabrication of 
amorphous and crystalline forms of TiO2 usually only refers to the absence of 
 post- synthesis thermal treatment step requirement or its careful utilization but at 
very low temperatures in the former case. For example, Vargas et al. [85] demon-
strated solgel synthesis of amorphous TiO2 nanoparticles with diameters of ~100 nm, 
which kept its original structure during post-synthesis treatment up to 350 °C. The 
formation of amorphous TiO2 hollow spheres via hydrolysis was also reported, with 
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shell thickness of ~5–25 nm and overall diameter of ~80 nm [86]. It is interesting to 
notice that presence of cracks on the shell increased the specific surface area up to 
~115 m2/g, while without them, it was equalized only to ~45 m2/g.

1-D structures Formation of amorphous TiO2 as 1-D nanostructures is usually 
proceeded in the form of nanotubes following the use of anodic aluminum oxide 
(AAO) as a template. In this case, porous structure is firstly produced from AAO 
layer via application of certain voltage for concrete duration of time at designated 
temperature and specific electrolyte which allows to adjust their diameters and 
lengths. In the second step, various vapor synthesis-based techniques such as CVD, 
ALD, etc. are used to cover its surface with layers of amorphous TiO2. Changing 
parameters during depositions provide great and precise control over the thickness 
of tube walls. Once core-shell structure is formed, AAO template is removed via 
immersing into NaOH solution. It has to be noted that ALD allows the formation of 
multiwalled composition of amorphous nanotubes as combinations of TiO2 and 
Al2O3 layers could be alternately deposited into AAO pores. As a result, the effec-
tive surface increases sufficiently compared with single-walled composition. For 
example, Chang et  al. [87] demonstrated that TiO2 nanotubes with a length of 
600 nm, an average outer diameter of 125 nm, wall thickness of 5.5 nm, and gap 
span of 20.0 nm have the following surface areas for single-, double-, and triple- 
walled formations: 4.61 × 105 nm2, 7.11 × 105 nm2, and 7.72 × 105 nm2, respectively. 
As nanorods are determined to have structure very close to that of nanotubes with 
only difference is that its end is closed, the same authors reported that ALD also 
allows to create related compositions with required structure. Another route to gen-
erate amorphous TiO2 nanotubes is to apply anodization of Ti foil in oxidative elec-
trolyte. It results in appearance of porous structures very close to that of AAO. Similar, 
its characteristics could be controlled via various parameters. This method was 
described above in more details.

2-D structures A typical method for synthesis of amorphous TiO2 thin films is the 
use of ALD techniques at temperatures lower than 200–150 °C. It provides control 
over the thickness of deposited composition and also allows to adjust its stoichiom-
etry in terms of regulated introduction of oxygen and titanium vacancies. Thus, it is 
possible to tune its various features such as optical absorption, electrical conductiv-
ity, electronic structures, surface roughness, etc. with very precise flexibility and 
extreme accuracy. For example, with increasing the thickness of deposited film, the 
concentration of oxygen within it decreases sufficiently [88]. In addition, it is acces-
sible via wide range of precursors in terms of both metallic and nonmetal com-
pounds whose correct choice also influences the finalized composting of the 
deposited films. It has to be noticed that other vapor base techniques also can grow 
amorphous TiO2 films such as radio-frequency sputtering or chemical vapor deposi-
tion. Yet, the quality of finalized structures is likely not good as in the case of ALD 
since it might have pinholes or too high roughness and undesirable non-uniformity 
of surface. In addition, these techniques cannot be used to fabricate ultrathin within 
thickness of several nanometer films.
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3-D structures Amorphous TiO2 in the form of 3-D structures also can be fabri-
cated via various approaches even though there are much less number of reports 
available in literature regarding it compared with other forms of this material. It is 
mostly realized via template-assisted method. For example, Jiang et al. [89] demon-
strated synthesis of amorphous mesoporous titania nanoparticles with 3-D netlike 
pores within a range of 2–3 nm via solgel route using triblock copolymer F127 as a 
template. In turn, vapor-based methods also can be effectively employed to create 
mesopore structures. In this case, a thin layer of amorphous TiO2 is deposited on 
designated templates such as multiwalled polysulfone fibers that have high porosity 
[90]. It provides impressive flexibility in controlling their morphology and architec-
ture. However, in this case, it might be challengeable to remove these templates as 
annealing at relatively high temperatures up to 400–500 °C is required and it might 
transform the deposited amorphous TiO2 into anatase form.

5.2.7.3  Properties of Amorphous TiO2

Structural properties The structural compositions of a-TiO are very similar to 
that of its crystalline counterparts. According to Yang et al. [91], it mostly comprises 
of octahedral sixfold coordinated Ti atoms that are connected through their corners 
by threefold coordinated atoms. It was also proposed that starting from this base 
topology, a-TiO2 exhibits a large degree of structural elasticity due to great number 
of coordination defects. In addition, it should be noticed that amorphous forms of 
TiO2 also likely have a certain concentration of structural defects such as oxygen 
vacancies and Ti3+ centers which cause the lowering of overall stichometry. Their 
formation might be referred to non-equilibrium conditions during synthesis that 
induces non-uniform fill of atomic positions In turn, amorphization of TiO2 struc-
ture reduces the formation energy of VO making its appearance become more evi-
dent [63]. Consequent annealing in air result in crystallization of amorphous phase 
that is also accompanied by “healing” of these defects.

Optical properties As for optical properties, a-TiO2 in general form has absorp-
tion characteristics very close to that of anatase given that band gaps of both com-
pounds are ~3.1 eV–3.2 eV, thus it cannot be sensitive to photons with energies 
equaled to wavelength of visible light [92]. In turn, a-TiO2 deposited as a thin shell 
on crystalline core allow it to serve as an active component for enhancing light har-
vesting in UV and other regions owing to its lattice disorder [93]. It is interesting to 
notice that deliberate and highly controlled amorphization of already crystalline 
TiO2 might result in appearance of lattice disorder states that enable to extend the 
light absorption toward near-infrared wavelength due to appearance of additional 
energy level [66, 94].

Electronic properties Electronic structure of amorphous TiO2 is far from under-
standings as various perspectives, sometimes even strongly contradicted, available 
in literature. For example, Kaur and Singh [95] revealed via DFT calculation that 
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“electronic structure of [amorphous TiO2] is similar to that of crystalline electronic 
structure,” while “the valence and conduction tail states result from the positional 
disorder of O and Ti atoms, respectively.” In turn, Pham et al. [63] via molecular 
dynamic method demonstrated that “long-range disorder and imperfect coordina-
tion of Ti and O do not induce defect states in the band gap but have effects on the 
localization of band edge states.” As for the experimental data, Pan et  al. [94] 
revealed that amorphization of TiO2 resulted in appearance of intermediate energy 
levels lying within ~1.6 eV from valance band that was notoriously assigned to the 
“lattice disorder.” For comparisons, Chen et al. [66] also stated that lattice disorder 
enables the formation of energy levels within ~1.8 eV from valence band which 
initiates its upshift. Moving the discussion forward, amorphous TiO2 also possess a 
very unique feature which cannot be found in its crystalline counterpart, namely, 
hole diffusion across its thin layers which occurred “preferentially via the defect 
states instead of by the valence band” [96]. Following it, a-TiO2 was designated to 
have an electronically defective composition, and it enables to show high conductiv-
ity. However, the question is raised, which defect states are reasonable for it? It was 
firstly proposed that defect states created by oxygen vacancies laid at ~1–1.5 eV 
from valence band are responsible for the appearance of this phenomenon [63]. Yet, 
later, Guo et al. [97] argued that formation of VO in amorphous TiO2 is unfavorable, 
and instead, O-O peroxy linkages upon injection of excess holes, with an associated 
defect level lying at ~1.25 ± 0.15 eV above the valence band, can be used to explain 
it. Thus, based on the above, it is evident that straightforward interpretation of elec-
tronic stricture of amorphous TiO2 is still far from reaching full agreement, and 
additional efforts are necessary to fully realize it.

5.2.7.4  Application of Amorphous TiO2 as Photocatalyst

Amorphous TiO2 as independent compound Amorphous TiO2 without special 
treatment or controlled introduction of highly defined defects or specifically 
designed disordered states usually represents very poor photocatalytic activity for 
almost any process. For example, Huang et al. [98] stated that “pure amorphous 
TiO2 film prepared [magnetron sputtering] was… inactive for photo-decomposing 
methylene blue and rhodamine B aqueous solutions [under UV lamp].” In turn, 
Beranek et al. [99] investigated photoelectrochemical characteristics of amorphous 
and anatase TiO2 nanotubes under Xe lamp and discovered that the former ones 
showed very unsatisfied performance which was in times lower than that of the lat-
ter structures. It is interesting to notice that photocurrent from amorphous TiO2 
nanotubes was mostly localized in their bottom layer which led to poor  transportation 
of charge carriers. Thermal treatment and conversion into anatase resulted in their 
more uniform spread which signaled appearance of photocurrent signal from walls 
of nanotubes.

Amorphous TiO2 coupled with crystalline TiO2 Coupling of amorphous TiO2 
with its crystalline counterpart often can result in sufficient improvement of photo-
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catalytic photoelectrochemical characteristics. Yet, it is necessary to be aware of 
various parameters during fabrication and the overall dimension and composition of 
resulting structure and positioning of amorphous TiO2 with respect to crystalline 
phase as its incorrect design might often lead to opposite effect, i.e., degradation of 
efficiency. This concept can be perfectly demonstrated using work of Gurylev et al. 
[93] as example (Fig. 5.8). It was shown that photoelectrochemical performance of 
10 nm anatase thin film could be improved by covering it with amorphous overlayer 
prepared by ALD with the thicknesses of ~1.3 nm and ~2.5 nm that possessed very 
unique characteristics such as presence of lattice distortions and appearance of oxy-
gen vacancies and Ti3+ interstitials. Thus, it can serve the same role as that of disor-
dered layer prepared via hydrogenation process [66]. Yet, with increasing the 
thickness of amorphous TiO2 up to 5 nm which was considered to be nearly half of 
that of anatase film, the efficiency of the composite sharply decreased.

Amorphous TiO2 as a passivation layer for other materials There are several 
semiconductors such as GaAs, GaASp, and CuO2 whose band gap makes them 
highly suitable materials for performing an efficient photoelectrochemical or photo-
catalytic reactions including water splitting, CO2 reduction, etc. Yet, their instability 
in aqueous media considers them as poor candidates to realize these processing 
since they only enable to show the required performance for a certain period of 
time. Deposition of protection layer on their surface is determined to be an efficient 
method to prevent their corrosion and dissolution thus forcing them to be active far 
beyond their original limit of stability. In this case, amorphous TiO2 thin film pre-
pared by ALD was discovered to be one of the most optimal choices to fulfil this 

Fig. 5.8 (a) Comparison of structure based on combining the amorphous overlayer on crystalline 
TiO2 with that of typical disordered-black composition obtained via hydrogenation. The value of 
stoichiometry for amorphous TiO2 is obtained from original study. (b) Current-voltage curves of 
TiO2 thin film (anatase) covered with amorphous TiO2 with various thicknesses. For simplicity of 
interpretation, designation of TiO2 thicknesses is presented in nanometer scale, while in the origi-
nal study, they are designated in number of ALD cycles. (Adapted from Ref. [93] with permission 
from The Royal Chemical Society. Copyright 2016)
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goal due to the following reasons: Firstly, it can be deposited on any morphology 
and composition, whether it is 0-D or 3-D structure; secondly, its thickness can be 
controlled at atomic scale, thus, reaching very low thickness that can protect these 
semiconductors and, also, has very little influence on their photocatalytic perfor-
mance; and thirdly, most importantly, due to hole diffusion, it has electronic defi-
ciency which leads to high conductivity and thus can also contribute to the 
photocatalytic reactions exceeding its original role as stabilizer. Based on this, 
amorphous TiO2 layer can act as a highly effective corrosion barrier while facilitat-
ing interfacial charge transport with minimal resistive loss [96].

5.3  Final Remarks About Defective TiO2

Titanium dioxide filled with various defects has attracted extensive interest in recent 
years, and various synthesis strategies were suggested to realize it. Introduction of 
defects was determined not only to cause specific structural and chemical modifica-
tions within this material but also significantly influence its electronic configura-
tion, transport characteristics of charge carriers, optical absorbance, appearance of 
ferromagnetic response, etc. Thus, defective TiO2 have been extensively adopted for 
photocatalytic and photoelectrochemical applications. Yet, despite many in-depth 
studies dedicated to the investigation of this compound, clear understanding regard-
ing the processes which happened due to introduction of defects, the reasons laid 
beyond such dramatic changes in the features of TiO2, and also how to achieve 
precise control over them via fabrication or post-fabrication treatment is still far 
from satisfactory. Furthermore, the correlation between results of theoretical and 
experimental studies regarding the influence of defects on electrical properties and 
electronic structure of defective TiO2 also should be improved as there are certain 
contradictions still available in literature between them.

It is also necessary to notice that investigation of amorphous TiO2 is highly 
required to be extended since this compound possesses great potential to serve as 
important and valuable addition to its crystalline counterpart in improving photoac-
tivity. Moreover, serving the role of passivation layer, it has a crucial effect on pre-
serving the stability of various nanoscaled semiconductors. Overall, defect 
engineering opens a new chapter in investigating TiO2 as it provides access to its 
previously unknown yet highly desirable characteristics.

References

 1. Y.  Djaoued, J.  Robichaud, S.  Priya, B.  Subramanian, E.  Gondek, M.  Pokladko-Kowar, 
P. Karasinski, I.V. Kityk, Implication of porous TiO2 nanoparticles in PEDOT:PSS photovol-
taic devices, in High-Efficiency Solar Cells: Physics, Materials, and Devices, ed. by X. Wang, 
Z.  M. Wang, (Springer International Publishing, Cham, 2014), pp.  389–447. https://doi.
org/10.1007/978- 3- 319- 01988- 8_13

References

https://doi.org/10.1007/978-3-319-01988-8_13
https://doi.org/10.1007/978-3-319-01988-8_13


182

 2. A.  Bartolotta, G.  Calogero, Chapter Four  - Dye-sensitized solar cells: from synthetic dyes 
to natural pigments, in Solar Cells and Light Management, ed. by F. Enrichi, G. C. Righini, 
(Elsevier, 2020), pp. 107–161. https://doi.org/10.1016/B978- 0- 08- 102762- 2.00004- 5

 3. S. Na-Phattalung, M.F. Smith, K. Kim, M.-H. Du, S.-H. Wei, S.B. Zhang, S. Limpijumnong, 
First-principles study of native defects in anatase TiO2. Phys. Rev. B 73, 125205 (2006). 
https://doi.org/10.1103/PhysRevB.73.125205

 4. H. Li, Y. Guo, J. Robertson, Calculation of TiO2 surface and subsurface oxygen vacancy by 
the screened exchange functional. J. Phys. Chem. C 119, 18160–18166 (2015). https://doi.
org/10.1021/acs.jpcc.5b02430

 5. A. Malashevich, M. Jain, S.G. Louie, First-principles DFT+GW study of oxygen vacancies in 
rutile TiO2. Phys. Rev. B 89, 075205 (2014). https://doi.org/10.1103/PhysRevB.89.075205

 6. J. Chen, L.-B. Lin, F.-Q. Jing, Theoretical study of F-type color center in rutile TiO2. J. Phys. 
Chem. Solids 62, 1257–1262 (2001). https://doi.org/10.1016/S0022- 3697(01)00018- X

 7. M. Arrigoni, G.K.H. Madsen, A comparative first-principles investigation on the defect chem-
istry of TiO2 anatase. J. Chem. Phys. 152, 044110 (2020). https://doi.org/10.1063/1.5138902

 8. A.  Boonchun, P.  Reunchan, N.  Umezawa, Energetics of native defects in anatase TiO2: A 
hybrid density functional study. Phys. Chem. Chem. Phys. 18, 30040–30046 (2016). https://
doi.org/10.1039/C6CP05798E

 9. B.A.D. Williamson, J. Buckeridge, N.P. Chadwick, S. Sathasivam, C.J. Carmalt, I.P. Parkin, 
D.O.  Scanlon, Dispelling the myth of passivated codoping in TiO2. Chem. Mater. 31, 
2577–2589 (2019). https://doi.org/10.1021/acs.chemmater.9b00257

 10. S. Wang, L. Pan, J.-J. Song, W. Mi, J.-J. Zou, L. Wang, X. Zhang, Titanium-defected undoped 
anatase TiO2 with p-type conductivity, room-temperature ferromagnetism, and remark-
able photocatalytic performance. J.  Am. Chem. Soc. 137, 2975–2983 (2015). https://doi.
org/10.1021/ja512047k

 11. B.J. Morgan, G.W. Watson, Intrinsic n-type defect formation in TiO2: A comparison of rutile 
and anatase from GGA+U calculations. J. Phys. Chem. C 114, 2321–2328 (2010). https://doi.
org/10.1021/jp9088047

 12. H.-Y. Lee, S.J. Clark, J. Robertson, Calculation of point defects in rutile TiO2 by the screened- 
exchange hybrid functional. Phys. Rev. B 86, 075209 (2012). https://doi.org/10.1103/
PhysRevB.86.075209

 13. H. Liu, H.T. Ma, X.Z. Li, W.Z. Li, M. Wu, X.H. Bao, The enhancement of TiO2 photocat-
alytic activity by hydrogen thermal treatment. Chemosphere 50, 39–46 (2003). https://doi.
org/10.1016/S0045- 6535(02)00486- 1

 14. X.  Pan, M.-Q.  Yang, X.  Fu, N.  Zhang, Y.-J.  Xu, Defective TiO2 with oxygen vacancies: 
Synthesis, properties and photocatalytic applications. Nanoscale 5, 3601–3614 (2013). https://
doi.org/10.1039/C3NR00476G

 15. M.L. Knotek, P.J. Feibelman, Ion desorption by core-hole Auger decay. Phys. Rev. Lett. 40, 
964–967 (1978). https://doi.org/10.1103/PhysRevLett.40.964

 16. O.  Dulub, M.  Batzilln, S.  Solovev, E.  Loginova, A.  Alchagirov, T.E.  Madey, U.  Diebold, 
Electron-induced oxygen desorption from the TiO2(011)-2×1 surface leads to self-organized 
vacancies. Science 317, 1052–1056 (2007). https://doi.org/10.1126/science.1144787

 17. S.  Majumder, D.  Paramanik, V.  Solanki, I.  Mishra, D.K.  Avasthi, D.  Kanjilal, S.  Varma, 
Ion irradiation induced nano pattern formation on TiO2 single crystal. Appl. Surf. Sci. 258, 
4122–4124 (2012). https://doi.org/10.1016/j.apsusc.2011.11.067

 18. K.  Onda, B.  Li, H.  Petek, Two-photon photoemission spectroscopy of TiO2 (110) surfaces 
modified by defects and O2 or H2O adsorbates. Phys. Rev. B 70, 045415 (2004). https://doi.
org/10.1103/PhysRevB.70.045415

 19. B.S. Thomas, N.A. Marks, L.R. Corrales, R. Devanathan, Threshold displacement energies in 
rutile TiO2: A molecular dynamics simulation study. Nucl. Instrum. Methods Phys. Res. B 239, 
191–201 (2005). https://doi.org/10.1016/j.nimb.2005.04.065

 20. B. Li, Z. Zhao, Q. Zhou, B. Meng, X. Meng, J. Qiu, Highly efficient low-temperature plasma- 
assisted modification of TiO2 nanosheets with exposed 001 facets for enhanced visible-light 

5 Case Study I Defect Engineering of TiO2

https://doi.org/10.1016/B978-0-08-102762-2.00004-5
https://doi.org/10.1103/PhysRevB.73.125205
https://doi.org/10.1021/acs.jpcc.5b02430
https://doi.org/10.1021/acs.jpcc.5b02430
https://doi.org/10.1103/PhysRevB.89.075205
https://doi.org/10.1016/S0022-3697(01)00018-X
https://doi.org/10.1063/1.5138902
https://doi.org/10.1039/C6CP05798E
https://doi.org/10.1039/C6CP05798E
https://doi.org/10.1021/acs.chemmater.9b00257
https://doi.org/10.1021/ja512047k
https://doi.org/10.1021/ja512047k
https://doi.org/10.1021/jp9088047
https://doi.org/10.1021/jp9088047
https://doi.org/10.1103/PhysRevB.86.075209
https://doi.org/10.1103/PhysRevB.86.075209
https://doi.org/10.1016/S0045-6535(02)00486-1
https://doi.org/10.1016/S0045-6535(02)00486-1
https://doi.org/10.1039/C3NR00476G
https://doi.org/10.1039/C3NR00476G
https://doi.org/10.1103/PhysRevLett.40.964
https://doi.org/10.1126/science.1144787
https://doi.org/10.1016/j.apsusc.2011.11.067
https://doi.org/10.1103/PhysRevB.70.045415
https://doi.org/10.1103/PhysRevB.70.045415
https://doi.org/10.1016/j.nimb.2005.04.065


183

photocatalytic activity. Chem. Eur. J. 20, 14763–14770 (2014). https://doi.org/10.1002/
chem.201402664

 21. S. Ghosh, P.M.G. Nambissan, Evidence of oxygen and Ti vacancy induced ferromagnetism 
in post-annealed undoped anatase TiO2 nanocrystals: A spectroscopic analysis. J. Solid State 
Chem. 275, 174–180 (2019). https://doi.org/10.1016/j.jssc.2019.04.010

 22. L. Hou, M. Zhang, Z. Guan, Q. Li, J. Yang, Effect of annealing ambience on the formation of 
surface/bulk oxygen vacancies in TiO2 for photocatalytic hydrogen evolution. Appl. Surf. Sci. 
428, 640–647 (2018). https://doi.org/10.1016/j.apsusc.2017.09.144

 23. H. Tomaszewski, H. Poelman, D. Depla, D. Poelman, R. De Gryse, L. Fiermans, M.-F. Reyniers, 
G. Heynderickx, G.B. Marin, TiO2 films prepared by DC magnetron sputtering from ceramic 
targets. Vacuum 68, 31–38 (2002). https://doi.org/10.1016/S0042- 207X(02)00279- 8

 24. S.A. Abdullah, M.Z. Sahdan, N. Nafarizal, H. Saim, A.S. Bakri, C.H.C. Rohaida, F. Adriyanto, 
Y. Sari, Photoluminescence study of trap-state defect on TiO2 thin films at different substrate 
temperature via RF magnetron sputtering. J. Phys.: Conf. Ser. 995, 012067 (2018). https://doi.
org/10.1088/1742- 6596/995/1/012067

 25. Q. Zhang, C. Li, Pure anatase phase titanium dioxide films prepared by nist chemical vapor 
deposition. Nanomaterials (Basel) 8, 827 (2018). https://doi.org/10.3390/nano8100827

 26. F. Teng, M. Li, C. Gao, G. Zhang, P. Zhang, Y. Wang, L. Chen, E. Xie, Preparation of black 
TiO2 by hydrogen plasma assisted chemical vapor deposition and its photocatalytic activity. 
Appl Catal B 148–149, 339–343 (2014). https://doi.org/10.1016/j.apcatb.2013.11.015

 27. P. Arifin, M.A. Mustajab, S. Haryono, D.R. Adhika, A.A. Nugraha, MOCVD growth and char-
acterization of TiO2 thin films for hydrogen gas sensor application. Mater. Res. Express 6, 
076313 (2019). https://doi.org/10.1088/2053- 1591/ab192b

 28. Y.-H. Chang, C.-M. Liu, C. Chen, H.-E. Cheng, The effect of geometric structure on photo-
luminescence characteristics of 1-D TiO2 nanotubes and 2-D TiO2 films fabricated by atomic 
layer deposition. J. Electrochem. Soc. 159, D401 (2012). https://doi.org/10.1149/2.004207jes

 29. D. Wei, T. Hossain, N.Y. Garces, N. Nepal, H.M. Meyer, M.J. Kirkham, C.R. Eddy, J.H. Edgar, 
Influence of atomic layer deposition temperatures on TiO2/n-Si MOS capacitor. ECS J. Solid 
State Sci. Technol. 2, N110 (2013). https://doi.org/10.1149/2.010305jss

 30. X. Liu, S. Gao, H. Xu, Z. Lou, W. Wang, B. Huang, Y. Dai, Green synthetic approach for Ti3+ 
self-doped TiO2-x nanoparticles with efficient visible light photocatalytic activity. Nanoscale 5, 
1870–1875 (2013). https://doi.org/10.1039/C2NR33563H

 31. Q. Kang, J. Cao, Y. Zhang, L. Liu, H. Xu, J. Ye, Reduced TiO2 nanotube arrays for photoelec-
trochemical water splitting. J. Mater. Chem. A 1, 5766–5774 (2013). https://doi.org/10.1039/
C3TA10689F

 32. C.B.D. Marien, C. Marchal, A. Koch, D. Robert, P. Drogui, Sol-gel synthesis of TiO2 nanopar-
ticles: Effect of Pluronic P123 on particle’s morphology and photocatalytic degradation 
of paraquat. Environ. Sci. Pollut. Res. 24, 12582–12588 (2017). https://doi.org/10.1007/
s11356- 016- 7681- 2

 33. I.E. Grey, N.C. Wilson, Titanium vacancy defects in sol-gel prepared anatase. J. Solid State 
Chem. 180, 670–678 (2007). https://doi.org/10.1016/j.jssc.2006.11.028

 34. S.-P. Hong, J. Park, S.S.M. Bhat, T.H. Lee, S.A. Lee, K. Hong, M.-J. Choi, M. Shokouhimehr, 
H.W.  Jang, Comprehensive study on the morphology control of TiO2 nanorods on foreign 
substrates by the hydrothermal method. Cryst. Growth Des. 18, 6504–6512 (2018). https://doi.
org/10.1021/acs.cgd.8b00609

 35. J. Yu, G. Wang, B. Cheng, M. Zhou, Effects of hydrothermal temperature and time on the 
photocatalytic activity and microstructures of bimodal mesoporous TiO2 powders. Appl Catal 
B 69, 171–180 (2007). https://doi.org/10.1016/j.apcatb.2006.06.022

 36. Y. Song, B. Li, Y. Shi, Q. Wang, R. Jin, B. Huang, Y. Dai, S. Gao, Preparation of fusiform Ti3+ 
self-doped TiO2 nanoparticles by mixed solvothermal method and its photoelectrochemical 
properties. Mater. Lett. 252, 134–137 (2019). https://doi.org/10.1016/j.matlet.2019.05.134

 37. C. Dwivedi, T. Mohammad, V. Kumar, V. Dutta, Ti3+ and oxygen defects controlled colored 
TiO2 nanoparticles by continuous spray pyrolysis. Vacuum 182, 109612 (2020). https://doi.
org/10.1016/j.vacuum.2020.109612

References

https://doi.org/10.1002/chem.201402664
https://doi.org/10.1002/chem.201402664
https://doi.org/10.1016/j.jssc.2019.04.010
https://doi.org/10.1016/j.apsusc.2017.09.144
https://doi.org/10.1016/S0042-207X(02)00279-8
https://doi.org/10.1088/1742-6596/995/1/012067
https://doi.org/10.1088/1742-6596/995/1/012067
https://doi.org/10.3390/nano8100827
https://doi.org/10.1016/j.apcatb.2013.11.015
https://doi.org/10.1088/2053-1591/ab192b
https://doi.org/10.1149/2.004207jes
https://doi.org/10.1149/2.010305jss
https://doi.org/10.1039/C2NR33563H
https://doi.org/10.1039/C3TA10689F
https://doi.org/10.1039/C3TA10689F
https://doi.org/10.1007/s11356-016-7681-2
https://doi.org/10.1007/s11356-016-7681-2
https://doi.org/10.1016/j.jssc.2006.11.028
https://doi.org/10.1021/acs.cgd.8b00609
https://doi.org/10.1021/acs.cgd.8b00609
https://doi.org/10.1016/j.apcatb.2006.06.022
https://doi.org/10.1016/j.matlet.2019.05.134
https://doi.org/10.1016/j.vacuum.2020.109612
https://doi.org/10.1016/j.vacuum.2020.109612


184

 38. C. Xu, Y. Song, L. Lu, C. Cheng, D. Liu, X. Fang, X. Chen, X. Zhu, D. Li, Electrochemically 
hydrogenated TiO2 nanotubes with improved photoelectrochemical water splitting perfor-
mance. Nanoscale Res. Lett. 8, 391 (2013). https://doi.org/10.1186/1556- 276X- 8- 391

 39. H. Zhou, Y. Zhang, Electrochemically self-doped TiO2 nanotube arrays for supercapacitors. 
J. Phys. Chem. C 118, 5626–5636 (2014). https://doi.org/10.1021/jp4082883

 40. A. Hazra, K. Dutta, B. Bhowmik, P.P. Chattopadhyay, P. Bhattacharyya, Room temperature 
alcohol sensing by oxygen vacancy controlled TiO2 nanotube array. Appl. Phys. Lett. 105, 
081604 (2014). https://doi.org/10.1063/1.4894008

 41. L. Tsui, T. Homma, G. Zangari, Photocurrent conversion in anodized TiO2 nanotube arrays: 
Effect of the water content in anodizing solutions. J. Phys. Chem. C 117, 6979–6989 (2013). 
https://doi.org/10.1021/jp400318n

 42. K. Wessels, M. Maekawa, J. Rathousky, T. Yoshida, M. Wark, T. Oekermann, Highly porous 
TiO2 films from anodically deposited titanate hybrids and their photoelectrochemical and pho-
tocatalytic activity. Micropor. Mesopor. Mater. 111, 55–61 (2008). https://doi.org/10.1016/j.
micromeso.2007.07.004

 43. Z. Ertekin, N.Ö. Pekmez, K. Pekmez, One-step electrochemical deposition of thin film tita-
nium suboxide in basic titanyl sulfate solution at room temperature. J. Solid State Electrochem. 
24, 975–986 (2020). https://doi.org/10.1007/s10008- 020- 04555- 9

 44. K.  Ralphs, C.  Hardacre, S.L.  James, Application of heterogeneous catalysts prepared by 
mechanochemical synthesis. Chem. Soc. Rev. 42, 7701–7718 (2013). https://doi.org/10.1039/
C3CS60066A

 45. G. Rajender, P.K. Giri, Strain induced phase formation, microstructural evolution and bandgap 
narrowing in strained TiO2 nanocrystals grown by ball milling. J. Alloy Compd. 676, 591–600 
(2016). https://doi.org/10.1016/j.jallcom.2016.03.154

 46. T. Prozorov, R. Prozorov, K.S. Suslick, High velocity interparticle collisions driven by ultra-
sound. J. Am. Chem. Soc. 126, 13890–13891 (2004). https://doi.org/10.1021/ja049493o

 47. P.A.  Osorio-Vargas, C.  Pulgarin, A.  Sienkiewicz, L.R.  Pizzio, M.N.  Blanco, R.A.  Torres- 
Palma, C. Pétrier, J.A. Rengifo-Herrera, Low-frequency ultrasound induces oxygen vacancies 
formation and visible light absorption in TiO2 P-25 nanoparticles. Ultrason. Sonochem. 19, 
383–386 (2012). https://doi.org/10.1016/j.ultsonch.2011.11.013

 48. A. Jena, R. Vinu, S.A. Shivashankar, G. Madras, Microwave assisted synthesis of nanostruc-
tured titanium dioxide with high photocatalytic activity. Ind. Eng. Chem. Res. 49, 9636–9643 
(2010). https://doi.org/10.1021/ie101226b

 49. S. Horikoshi, F. Sakai, M. Kajitani, M. Abe, A.V. Emeline, N. Serpone, Microwave-specific 
effects in various TiO2 specimens. Dielectric properties and degradation of 4-chlorophenol. 
J. Phys. Chem. C. 113, 5649–5657 (2009). https://doi.org/10.1021/jp810002z

 50. R.E. Morris, Ionothermal synthesis-ionic liquids as functional solvents in the preparation of 
crystalline materials. Chem. Commun., 2990–2998 (2009). https://doi.org/10.1039/B902611H

 51. G. Li, Z. Lian, X. Li, Y. Xu, W. Wang, D. Zhang, F. Tian, H. Li, Ionothermal synthesis of black 
Ti3+-doped single-crystal TiO2 as an active photocatalyst for pollutant degradation and H2 gen-
eration. J. Mater. Chem. A 3, 3748–3756 (2015). https://doi.org/10.1039/C4TA02873B

 52. F.A. Deorsola, D. Vallauri, Synthesis of TiO2 nanoparticles through the gel combustion pro-
cess. J. Mater. Sci. 43, 3274–3278 (2008). https://doi.org/10.1007/s10853- 008- 2530- 4

 53. Q. Xiao, Z. Si, Z. Yu, G. Qiu, Sol-gel auto-combustion synthesis of samarium-doped TiO2 
nanoparticles and their photocatalytic activity under visible light irradiation. Mater. Sci. Eng. 
B 137, 189–194 (2007). https://doi.org/10.1016/j.mseb.2006.11.011

 54. B. Liu, K. Cheng, S. Nie, X. Zhao, H. Yu, J. Yu, A. Fujishima, K. Nakata, Ice-water quenching 
induced Ti3+ self-doped TiO2 with surface lattice distortion and the increased photocatalytic 
activity. J. Phys. Chem. C 121, 19836–19848 (2017). https://doi.org/10.1021/acs.jpcc.7b06274

 55. Y. Yang, Y. Ling, G. Wang, Y. Li, The effect of the hydrogenation temperature on TiO2 nano-
structures for photoelectrochemical water oxidation. Eur. J.  Inorg. Chem. 2014, 760–766 
(2014). https://doi.org/10.1002/ejic.201300760

5 Case Study I Defect Engineering of TiO2

https://doi.org/10.1186/1556-276X-8-391
https://doi.org/10.1021/jp4082883
https://doi.org/10.1063/1.4894008
https://doi.org/10.1021/jp400318n
https://doi.org/10.1016/j.micromeso.2007.07.004
https://doi.org/10.1016/j.micromeso.2007.07.004
https://doi.org/10.1007/s10008-020-04555-9
https://doi.org/10.1039/C3CS60066A
https://doi.org/10.1039/C3CS60066A
https://doi.org/10.1016/j.jallcom.2016.03.154
https://doi.org/10.1021/ja049493o
https://doi.org/10.1016/j.ultsonch.2011.11.013
https://doi.org/10.1021/ie101226b
https://doi.org/10.1021/jp810002z
https://doi.org/10.1039/B902611H
https://doi.org/10.1039/C4TA02873B
https://doi.org/10.1007/s10853-008-2530-4
https://doi.org/10.1016/j.mseb.2006.11.011
https://doi.org/10.1021/acs.jpcc.7b06274
https://doi.org/10.1002/ejic.201300760


185

 56. B. Choudhury, A. Choudhury, Oxygen defect dependent variation of band gap, Urbach energy 
and luminescence property of anatase, anatase-rutile mixed phase and of rutile phases of TiO2 
nanoparticles. Physica E: Low Dimens. Syst. Nanostruct. 56, 364–371 (2014). https://doi.
org/10.1016/j.physe.2013.10.014

 57. M.  Elahifard, M.R.  Sadrian, A.  Mirzanejad, R.  Behjatmanesh-Ardakani, S.  Ahmadvand, 
Dispersion of defects in TiO2 semiconductor: Oxygen vacancies in the bulk and surface of 
rutile and anatase. Catalysts 10, 397 (2020). https://doi.org/10.3390/catal10040397

 58. X. Zhou, E. Wierzbicka, N. Liu, P. Schmuki, Black and white anatase, rutile and mixed forms: 
Band-edges and photocatalytic activity. Chem. Commun. 55, 533–536 (2019). https://doi.
org/10.1039/C8CC07665K

 59. J.  Lei, H.  Li, J.  Zhang, M.  Anpo, Mixed-phase TiO2 nanomaterials as efficient photo-
catalysts, in Low-Dimensional and Nanostructured Materials and Devices: Properties, 
Synthesis, Characterization, Modelling and Applications, ed. by H. Ünlü, N. J. M. Horing, 
J.  Dabrowski, (Springer International Publishing, Cham, 2016), pp.  423–460. https://doi.
org/10.1007/978- 3- 319- 25340- 4_17

 60. Y. Wei, M.V. Tokina, A.V. Benderskii, Z. Zhou, R. Long, O.V. Prezhdo, Quantum dynamics 
origin of high photocatalytic activity of mixed-phase anatase/rutile TiO2. J. Chem. Phys. 153, 
044706 (2020). https://doi.org/10.1063/5.0014179

 61. V. Vrakatseli, E. Farsari, D. Mataras, Wetting properties of transparent anatase/rutile mixed 
phase glancing angle magnetron sputtered nano-TiO2 films. Micromachines 11, 616 (2020). 
https://doi.org/10.3390/mi11060616

 62. E.M. Samsudin, S.B.A. Hamid, J.C. Juan, W.J. Basirun, A.E. Kandjani, Surface modification 
of mixed-phase hydrogenated TiO2 and corresponding photocatalytic response. Appl. Surf. 
Sci. 359, 883–896 (2015). https://doi.org/10.1016/j.apsusc.2015.10.194

 63. H.H.  Pham, L.-W.  Wang, Oxygen vacancy and hole conduction in amorphous TiO2. Phys. 
Chem. Chem. Phys. 17, 541–550 (2014). https://doi.org/10.1039/C4CP04209C

 64. V.  Gurylev, C.-Y.  Su, T.-P.  Perng, Surface reconstruction, oxygen vacancy distribution and 
photocatalytic activity of hydrogenated titanium oxide thin film. J. Catal. 330, 177–186 (2015). 
https://doi.org/10.1016/j.jcat.2015.07.016

 65. C. Di Valentin, G. Pacchioni, A. Selloni, Reduced and n-type doped TiO2: Nature of Ti3+ spe-
cies. J. Phys. Chem. C 113, 20543–20552 (2009). https://doi.org/10.1021/jp9061797

 66. X.  Chen, L.  Liu, P.Y.  Yu, S.S.  Mao, Increasing solar absorption for photocatalysis with 
black hydrogenated titanium dioxide nanocrystals. Science 331, 746–750 (2011). https://doi.
org/10.1126/science.1200448

 67. P.G.  Moses, A.  Janotti, C.  Franchini, G.  Kresse, C.G.  Van de Walle, Donor defects and 
small polarons on the TiO2(110) surface. J.  Appl. Phys. 119, 181503 (2016). https://doi.
org/10.1063/1.4948239

 68. C. Lin, D. Shin, A.A. Demkov, Localized states induced by an oxygen vacancy in rutile TiO2. 
J. Appl. Phys. 117, 225703 (2015). https://doi.org/10.1063/1.4922184

 69. A. Janotti, C.G. Van de Walle, Native point defects in ZnO. Phys. Rev. B 76, 165202 (2007). 
https://doi.org/10.1103/PhysRevB.76.165202

 70. S.A.  Campbell, H.  Kim, D.C.  Gilmer, B.  He, T.  Ma, W.L.  Gladfelter, Titanium dioxide 
(TiO2)-based gate insulators. IBM J. Res. Dev. 43, 383–392 (1999). https://doi.org/10.1147/
rd.433.0383

 71. T.S. Rajaraman, S.P. Parikh, V.G. Gandhi, Black TiO2: A review of its properties and conflict-
ing trends. Chem. Eng. J. 389, 123918 (2020). https://doi.org/10.1016/j.cej.2019.123918

 72. J.R.  Smith, F.C.  Walsh, R.L.  Clarke, Electrodes based on Magnéli phase titanium oxides: 
The properties and applications of Ebonex® materials. J. Appl. Electrochem. 28, 1021–1033 
(1998). https://doi.org/10.1023/A:1003469427858

 73. D.X. Li, R.Q. Li, Y. Chen, J. Yang, X.T. Guo, Electronic structures and magnetism of rutile 
TiO2 with vacancy defects from first principles: GGA + U calculations. J. Supercond. Nov. 
Magn. 30, 243–249 (2017). https://doi.org/10.1007/s10948- 016- 3700- 2

References

https://doi.org/10.1016/j.physe.2013.10.014
https://doi.org/10.1016/j.physe.2013.10.014
https://doi.org/10.3390/catal10040397
https://doi.org/10.1039/C8CC07665K
https://doi.org/10.1039/C8CC07665K
https://doi.org/10.1007/978-3-319-25340-4_17
https://doi.org/10.1007/978-3-319-25340-4_17
https://doi.org/10.1063/5.0014179
https://doi.org/10.3390/mi11060616
https://doi.org/10.1016/j.apsusc.2015.10.194
https://doi.org/10.1039/C4CP04209C
https://doi.org/10.1016/j.jcat.2015.07.016
https://doi.org/10.1021/jp9061797
https://doi.org/10.1126/science.1200448
https://doi.org/10.1126/science.1200448
https://doi.org/10.1063/1.4948239
https://doi.org/10.1063/1.4948239
https://doi.org/10.1063/1.4922184
https://doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1147/rd.433.0383
https://doi.org/10.1147/rd.433.0383
https://doi.org/10.1016/j.cej.2019.123918
https://doi.org/10.1023/A:1003469427858
https://doi.org/10.1007/s10948-016-3700-2


186

 74. D.  Kim, J.  Hong, Y.R.  Park, K.J.  Kim, The origin of oxygen vacancy induced ferro-
magnetism in undoped TiO2. J.  Phys. Condens. Matter. 21, 195405 (2009). https://doi.
org/10.1088/0953- 8984/21/19/195405

 75. A.K. Rumaiz, B. Ali, A. Ceylan, M. Boggs, T. Beebe, S. Ismat Shah, Experimental studies 
on vacancy induced ferromagnetism in undoped TiO2. Solid State Commun. 144, 334–338 
(2007). https://doi.org/10.1016/j.ssc.2007.08.034

 76. K.M. Ok, Y. Ohishi, H. Muta, K. Kurosaki, S. Yamanaka, Effect of point and planar defects 
on thermal conductivity of TiO2-x. J.  Am. Ceram. Soc. 101, 334–346 (2018). https://doi.
org/10.1111/jace.15171

 77. J.A. Quirk, V.K. Lazarov, K.P. McKenna, First-principles modeling of oxygen-deficient ana-
tase TiO2 nanoparticles. J. Phys. Chem. C 124, 23637–23647 (2020). https://doi.org/10.1021/
acs.jpcc.0c06052

 78. B.J. Morgan, G.W. Watson, A DFT+U description of oxygen vacancies at the TiO2 rutile (110) 
surface. Surf. Sci. 601, 5034–5041 (2007). https://doi.org/10.1016/j.susc.2007.08.025

 79. L.  Mohrhusen, J.  Kräuter, M.  Willms, K.  Al-Shamery, Argon embedded by ion bombard-
ment: Relevance of hidden dopants in rutile TiO2. J. Phys. Chem. C 123, 20434–20442 (2019). 
https://doi.org/10.1021/acs.jpcc.9b05975

 80. H. Zhao, F. Pan, Y. Li, A review on the effects of TiO2 surface point defects on CO2 photore-
duction with H2O. J. Mater. 3, 17–32 (2017). https://doi.org/10.1016/j.jmat.2016.12.001

 81. L. Liu, H. Zhao, J.M. Andino, Y. Li, Photocatalytic CO2 reduction with H2O on TiO2 nano-
crystals: Comparison of anatase, rutile, and brookite polymorphs and exploration of surface 
chemistry. ACS Catal. 2, 1817–1828 (2012). https://doi.org/10.1021/cs300273q

 82. G. Zhang, X. Yang, C. He, P. Zhang, H. Mi, Constructing a tunable defect structure in TiO2 for 
photocatalytic nitrogen fixation. J. Mater. Chem. A 8, 334–341 (2019). https://doi.org/10.1039/
C9TA10471B

 83. Q. Wu, R. van de Krol, Selective Photoreduction of nitric oxide to nitrogen by nanostruc-
tured TiO2 photocatalysts: Role of oxygen vacancies and iron dopant. J. Am. Chem. Soc. 134, 
9369–9375 (2012). https://doi.org/10.1021/ja302246b

 84. S. Sun, P. Song, J. Cui, S. Liang, Amorphous TiO2 nanostructures: Synthesis, fundamental 
properties and photocatalytic applications. Cat. Sci. Technol. 9, 4198–4215 (2019). https://doi.
org/10.1039/C9CY01020C

 85. M.A.  Vargas, J.E.  Rodríguez-Páez, Amorphous TiO2 nanoparticles: Synthesis and anti-
bacterial capacity. J.  Non-Cryst. Solids 459, 192–205 (2017). https://doi.org/10.1016/j.
jnoncrysol.2017.01.018

 86. H. Bao, H. Zhang, G. Liu, Y. Li, W. Cai, Nanoscaled amorphous TiO2 hollow spheres: TiCl4 
liquid droplet-based hydrolysis fabrication and strong hollow structure-enhanced surface- 
enhanced Raman scattering effects. Langmuir 33, 5430–5438 (2017). https://doi.org/10.1021/
acs.langmuir.7b00298

 87. W.-T.  Chang, Y.-C.  Hsueh, S.-H.  Huang, K.-I.  Liu, C.-C.  Kei, T.-P.  Perng, Fabrication of 
Ag-loaded multi-walled TiO2 nanotube arrays and their photocatalytic activity. J.  Mater. 
Chem. A 1, 1987–1991 (2013). https://doi.org/10.1039/C2TA00806H

 88. A.K. Bishal, C. Sukotjo, C.G. Takoudis, Room temperature TiO2 atomic layer deposition on 
collagen membrane from a titanium alkylamide precursor. J. Vac. Sci. Technol. A 35, 01B134 
(2016). https://doi.org/10.1116/1.4972245

 89. H. Jiang, T. Wang, L. Wang, C. Sun, T. Jiang, G. Cheng, S. Wang, Development of an amor-
phous mesoporous TiO2 nanosphere as a novel carrier for poorly water-soluble drugs: Effect 
of different crystal forms of TiO2 carriers on drug loading and release behaviors. Micropor. 
Mesopor. Mater. 153, 124–130 (2012). https://doi.org/10.1016/j.micromeso.2011.12.013

 90. K.-I. Liu, C.-Y. Su, T.-P. Perng, Highly porous N-doped TiO2 hollow fibers with internal three- 
dimensional interconnected nanotubes for photocatalytic hydrogen production. RSC Adv. 5, 
88367–88374 (2015). https://doi.org/10.1039/C5RA16492C

5 Case Study I Defect Engineering of TiO2

https://doi.org/10.1088/0953-8984/21/19/195405
https://doi.org/10.1088/0953-8984/21/19/195405
https://doi.org/10.1016/j.ssc.2007.08.034
https://doi.org/10.1111/jace.15171
https://doi.org/10.1111/jace.15171
https://doi.org/10.1021/acs.jpcc.0c06052
https://doi.org/10.1021/acs.jpcc.0c06052
https://doi.org/10.1016/j.susc.2007.08.025
https://doi.org/10.1021/acs.jpcc.9b05975
https://doi.org/10.1016/j.jmat.2016.12.001
https://doi.org/10.1021/cs300273q
https://doi.org/10.1039/C9TA10471B
https://doi.org/10.1039/C9TA10471B
https://doi.org/10.1021/ja302246b
https://doi.org/10.1039/C9CY01020C
https://doi.org/10.1039/C9CY01020C
https://doi.org/10.1016/j.jnoncrysol.2017.01.018
https://doi.org/10.1016/j.jnoncrysol.2017.01.018
https://doi.org/10.1021/acs.langmuir.7b00298
https://doi.org/10.1021/acs.langmuir.7b00298
https://doi.org/10.1039/C2TA00806H
https://doi.org/10.1116/1.4972245
https://doi.org/10.1016/j.micromeso.2011.12.013
https://doi.org/10.1039/C5RA16492C


187

 91. K. Yang, A. Kachmar, B. Wang, N.M.A. Krishnan, M. Balonis, G. Sant, M. Bauchy, New 
insights into the atomic structure of amorphous TiO2 using tight-binding molecular dynamics. 
J. Chem. Phys. 149, 094501 (2018). https://doi.org/10.1063/1.5042783

 92. L. Zhu, Q. Lu, L. Lv, Y. Wang, Y. Hu, Z. Deng, Z. Lou, Y. Hou, F. Teng, Ligand-free rutile and 
anatase TiO2 nanocrystals as electron extraction layers for high performance inverted polymer 
solar cells. RSC Adv. 7, 20084–20092 (2017). https://doi.org/10.1039/C7RA00134G

 93. V. Gurylev, M. Mishra, C.-Y. Su, T.-P. Perng, Enabling higher photoelectrochemical efficiency 
of TiO2 via controlled formation of a disordered shell: An alternative to the hydrogenation 
process. Chem. Commun. 52, 7604–7607 (2016). https://doi.org/10.1039/C5CC10610A

 94. S. Pan, X. Liu, M. Guo, S. fung Yu, H. Huang, H. Fan, G. Li, Engineering the intermediate 
band states in amorphous Ti3+-doped TiO2 for hybrid dye-sensitized solar cell applications. 
J. Mater. Chem. A 3, 11437–11443 (2015) https://doi.org/10.1039/C5TA00956A

 95. K. Kaur, C.V. Singh, Amorphous TiO2 as a photocatalyst for hydrogen production: A DFT 
study of structural and electronic properties. Energy Procedia 29, 291–299 (2012). https://doi.
org/10.1016/j.egypro.2012.09.035

 96. S. Hu, M.R. Shaner, J.A. Beardslee, M. Lichterman, B.S. Brunschwig, N.S. Lewis, Amorphous 
TiO2 coatings stabilize Si, GaAs, and GaP photoanodes for efficient water oxidation. Science 
344, 1005–1009 (2014). https://doi.org/10.1126/science.1251428

 97. Z. Guo, F. Ambrosio, A. Pasquarello, Hole diffusion across leaky amorphous TiO2 coating 
layers for catalytic water splitting at photoanodes. J. Mater. Chem. A 6, 11804–11810 (2018). 
https://doi.org/10.1039/C8TA02179A

 98. J. Huang, Y. Liu, L. Lu, L. Li, The photocatalytic properties of amorphous TiO2 composite 
films deposited by magnetron sputtering. Res. Chem. Intermed. 38, 487–498 (2012). https://
doi.org/10.1007/s11164- 011- 0365- 0

 99. R.  Beranek, H.  Tsuchiya, T.  Sugishima, J.M.  Macak, L.  Taveira, S.  Fujimoto, H.  Kisch, 
P. Schmuki, Enhancement and limits of the photoelectrochemical response from anodic TiO2 
nanotubes. Appl. Phys. Lett. 87, 243114 (2005). https://doi.org/10.1063/1.2140085

References

https://doi.org/10.1063/1.5042783
https://doi.org/10.1039/C7RA00134G
https://doi.org/10.1039/C5CC10610A
https://doi.org/10.1039/C5TA00956A
https://doi.org/10.1016/j.egypro.2012.09.035
https://doi.org/10.1016/j.egypro.2012.09.035
https://doi.org/10.1126/science.1251428
https://doi.org/10.1039/C8TA02179A
https://doi.org/10.1007/s11164-011-0365-0
https://doi.org/10.1007/s11164-011-0365-0
https://doi.org/10.1063/1.2140085


189© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
V. Gurylev, Nanostructured Photocatalyst via Defect Engineering, 
https://doi.org/10.1007/978-3-030-81911-8_6

Chapter 6
Case Study II: Defect Engineering of ZnO

6.1  ZnO: Fundamentals

ZnO is an industrially important, environmentally friendly, abundant, resistant to 
corrosion, and biocompatible n-type semiconductor material with a direct band gap 
of 3.37 eV, large exciton binding energy (60 meV), strong luminescence, and excel-
lent piezoelectric response. Due to very similar characteristics to TiO2, it is consid-
ered as its alternative for using in various photocatalytic systems. Yet, given 
relatively lower price, ability to absorb more portion of light and higher mobility of 
electrons is, in fact, often determined to be more attractive choice. ZnO is usually 
available in three crystal structures, namely, zincblende, rock salt, and würtzite out 
of which only the latter one is considered to be thermodynamically stable as it can 
exist at ambient pressure and temperature and thus is relatively easy to be synthe-
sized and stored. In turn, zincblende structure can be grown only on cubic sub-
strates, while the rock salt or Rochelle salt (NaCl) structure requires application of 
high pressures. Thus, in this chapter the würtzite structure is the only one to be 
considered. It is belonging to group of C64v in the Schoenflies notation and P63mc 
in the Hermann-Mauguin notation and has a hexagonal unit cell defined by only two 

lattice parameters of c and a which has a ratio of c a/ .= =
8

3
1 633  in the ideal 

structure. This stricture is composed of two interpenetrating sublattices, and they 
are displaced with certain respect to each other to form a ZnO4

6− tetrahedron, i.e., 
Zn atom is surrounded by four O atoms and vice versa. These faces are defined as 
O-polarity or Zn-polarity, respectively, and their appearances usually occurred 
along vertically oriented c-axis which in turn is regarded as the lowest surface 
energy direction. Thus, due to its often appearance in ZnO, polar symmetry plays a 
crucial role in identifying its physical and chemical characteristics. Definitely, non- 
polar faces which represent equivalent number of Zn and O atoms are also existing, 
yet their realization can only occur through formation of crystals with planes ori-
ented toward less energy favorable orientations such as, for example, a-axis.
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6.2  Intrinsic Defects in ZnO

6.2.1  Introduction

Knowledge about the behavior of intrinsic defects regardless their identification as 
deliberately introduced species or already naturally existed ones are highly impor-
tant and essential as it provides clear understanding regarding various electronic, 
electrical, optical, and structural particularities of defined material. To be more cor-
rect, it allows to achieve precise and very accurate control over synthesis and con-
sequent manipulation of morphological and structural features as well as surface 
composition and also can be used to realize accurate tuning of charge carriers in 
terms of adjusting and extending their concentration, distribution, mobility and 
duration of lifetimes. Intrinsic defects also play a crucial role in tuning of doping 
mechanism since they might serve as compensation centers. Thus, their existence 
determines accessible presence of foreign atoms and also identifies exactly how 
many of them actually can contribute to the strengthening of already existed con-
ductivity or is necessary to create its transition. For example, the more donor-related 
defects are available, the more acceptor-like dopants should be introduced as to 
make the change of n-type to p-type conductivity become possible. In case of zinc 
oxide, it is especially an important concept as the role of each defect and its basic 
characteristics including positioning of transition levels or accessing its role as shal-
low or deep contributor is still far from full understanding. In fact, as there are a lot 
of controversy, it is often the case that absolutely oppose opinions exist in literature 
regarding the same phenomenon, even comparing relatively close studies. 
Particularly, it is still unclear not only how many acceptor-like zinc vacancies are 
required to transform ZnO into p-type conductive material, but also whether it is 
thermodynamically feasible process.

Yet, regardless these disputes, it is generally accepted that application of defect 
engineering toward modifying ZnO is a very attractive methodology as it allows to 
achieve sufficient advancement of its various characteristics, for example, making it 
become sensitive for visible light despite naturally existed band gap of ~3.4 eV, or 
highly enhancing the transportation of electrons resulting in their effective delivery 
toward surface by avoiding the recombination within the bulk. The question is, how-
ever, how far these improvements can be extended. To answer it, one might assume 
that the presence of defects in ZnO should be deeply addressed from various positions.

6.2.2  Defect Chemistry of ZnO

6.2.2.1  Brief Overview

According to numerous reports available in literature in recent years regarding non- 
stoichiometric or defective ZnO, there is a clear evidence that it has a rich family of 
various structural imperfections including vacancies that represent empty O or Zn 
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atomic sites (VO and VZn, respectively), interstitials that are determined as extra 
atoms occupying interstices in the lattice (Oi and Zni), and antisites ascribed as Zn 
atom occupying an O lattice site (ZnO) or vice versa (OZn). Among them, oxygen and 
zinc vacancies deserve the most attention due to the following reasons. Firstly, they 
are considered to be the defects of the lowest formation energy, and thus their pres-
ence in nominally undoped ZnO is the most probable and recognizable [1]. Secondly, 
it is of general consensus, via both experimental studies and theoretical approaches, 
that these defects among others have the most prominent and recognizable effects 
on modification of ZnO. Thirdly, control over their generation requires application 
of much less efforts as it can be easily realized via treatment in oxygen- or zinc- 
deficient atmosphere, and their concentration and distribution are precisely con-
trolled by changing its associated parameters such as depth of ambient or duration 
and temperature of treatment.

Yet, it would be absolutely incorrect to say that apart from vacancies, other 
defects should be ignored. In fact, their presence even in very low concentration in 
perspective might have highly profound impact on geometrical and electronic con-
figurations of ZnO. As can be seen from Fig. 6.1a, zinc interstitials and zinc anti-
sites have clearly visible donor-like characteristics (similar to oxygen vacancies), 
and thus their formation enables to shift Fermi level toward conduction band which 
leads to strengthening of n-type conductivity of ZnO as they provide additional 
electrons and/or serve as compensating centers. In contrast, oxygen interstitials and 
oxygen antisites are identified to have acceptor-like characteristics (similar to zinc 
vacancies), and therefore, their introduction serves absolutely opposite role reduc-
ing the number of available electrons. In fact, their defined existence might in per-
spective cause even the appearance of n → p transition within ZnO, yet it is still 
debatable. Furthermore, one might consider that under the synthesis or treatment 
conditions similar to that used to generate VZn or VO, interstitial and antisite defects 
also can be produced as accompanies, and they can exist in parallel as separated 
defects or in the form of specific defective complexes. Consequently, they have a 
great possibility to serve two absolutely different roles: whether as balance species 
for recovering the original stoichiometry and restoring the overall electrical neutral-
ity or oppositely deepening the deficiency level of ZnO and increasing the domina-
tion of certain type of charge carriers.

However, despite these bright prospects, several moments need to be considered 
regarding these defects. Firstly, as it was determined by Janotti and van de Walle 
[2], appearances of interstitials and antisites can mostly be proceeded under 
extremely non-equilibrium conditions due to their very high formation energies. 
Thus, they only are available in very insufficient concentration as their presence is 
limited. Secondly, each type of these defects has its own additional complication 
which might seriously restrict their influence on the geometrical and electronic 
structures of ZnO even though it was possible to create them somehow in significant 
concertation. For example, Zn interstitial poses extremely low migration barrier 
compared with other defect which implies that they have a high tendency to either 
diffuse out of ZnO or to bind with other defects or impurities at temperature even 
lower than room temperature [1]. In turn, the most stable split-based configuration 
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of oxygen interstitials where two oxygen atoms “share” a substitutional site appeared 
to be electrically neutral [3]. Definitely, it is possible to make oxygen interstitials 
become active, yet, it occurred only when they occupy octahedral site with accom-
panied positioning of Fermi level localized over ~2.8 eV, i.e., strong n-type condi-
tions (6.1). Furthermore, even in this case it is deep rather than shallow acceptor and 
cannot contribute to p-type conductivity, thus serving only as compensation centers. 
Thirdly, it is not easy to correctly estimate and identify interstitials and antisites in 
ZnO. Simply to say, apart from well-known yet debatable PL spectra, most of other 
commonly used techniques such as X-ray, Raman, or electron paramagnetic spec-
troscopies can provide certain difficulties for straightforward recognition of their 
existence and relative characteristics. Alternatively, detecting of VO and VZn has an 
established analyzing protocol which can be easily realized via various approaches 
and instruments.

Thus, following the above, this current chapter is fully dedicated and also limited 
to discussion and investigation of oxygen and zinc vacancies in ZnO. To be clear, it 
describes methods to form them, the influence on characteristics of host material, 
and consequent employment in photocatalytic-based applications. In this regard, 
other defects are considered in much less if any extent. Thus, readers interested in 
their deep investigation are suggested to search for special literature such as Refs. 
[1] and [2].

Fig. 6.1 (a) Thermodynamic transition levels for defects in ZnO. (Reprinted from Ref. [1] with 
permission from American Physical Society. Copyright 2007) (b) Energy levels of oxygen vacan-
cies with different charge states. (Adapted from Ref. [4] with permission from The Royal Chemical 
Society. Copyright 2014) (c) Local atomic relaxations around the oxygen vacancy in the neutral 
and +2 charge states. In the neutral charge state, the four Zn nearest neighbors are displaced inward 
by 12% of the equilibrium Zn-O bond length, whereas for the +2 charge states, the displacements 
are outward by 23%. (Reprinted from Ref. [1] with permission from American Physical Society. 
Copyright 2007)
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6.2.2.2  Oxygen vs Zinc Vacancies: Particularities in Electronic 
and Geometrical Configurations

Oxygen Vacancies Electronic Configuration. Among various defects that behave 
as donors, oxygen vacancies have the lowest formation energy [1]. Similar to TiO2 
discussed in Chap. 5, their presence in ZnO is defined by three charge states [4]: the 
doubly ionized oxygen vacancy Vo

2+  which cannot capture any electrons, the singly 
ionized oxygen vacancy Vo

1+  which captures only one electron, and, finally, the 
neutral oxygen vacancy Vo

x  which can capture two electrons. The following defect 
levels within the band gap of ZnO are experimentally identified for these three 
charge states: the recombination of Vo

2+  with delocalized electrons close to the 
conduction band edge that correlates with the PL band at ~2.00 eV and the electron 
transitions from Vo

1+  and Vo
x  centers to the valence band edge equaled to the PL 

bands at ~2.48 eV and 2.79 eV, respectively [4] (Fig. 6.1b). Theoretical estimation 
revealed that VO is a negative U center as it is only stable in +2 or neutral charge 
states, while Vo

1+ is determined to be a thermodynamically unfavorable specie which 
lifetime is very limited [1, 2]. Thus, to create Vo

1+ , it is necessary to apply highly 
metastable conditions. Nevertheless, transition level associated with V

o

x � �Vo
1

(losing an electron) was determined to exist at ~2.0 eV [5]. As for oxygen vacancies 
with other charge states, it was theoretically calculated that the level of Fermi energy 
(EF) in the band gap dictates its type. Once EF approaches the bottom of the conduc-
tion band (oxygen-deficient condition), VO are available in neutral charge state, 
while positioning of EF near the top of the valence band (oxygen-rich condition) 
causes their stabilization in the charge state of +2. Following it, the (+2/0) transition 
usually occurs at ~1 eV from the conduction band [2] which means that below or 
above it, the total energies of Vo

2+  or Vo
x , respectively, are dominated in ZnO, and 

it clearly determines their monopolized presence. As ZnO is an n-type semiconduc-
tor, the position of Fermi energy is eventually ascribed as been located in the upper 
part of band gap. Following it, oxygen vacancies are expected to be accessible 
mostly in the form of Vo

x . Thus, they cannot provide electrons to the conduction 
band given their dominated residence in the lower part of band gap and, conse-
quently, are considered as deep donors. In this case, they unable to contribute into 
natural n-type conductivity [2]. It is of interest to notice that experimental evidence 
strongly opposes it and has stated that the most stable appearance of VO in ZnO is in 
the form of +2 charge state [6].

Geometrical Configuration. As for the rearrangement of chemical bonding 
within ZnO after formation of oxygen vacancies, it is highly depended on their 
charge states [5]. Particularly, appearance of Vo

x  leads to an inward displacement of 
the four nearest Zn atoms by 12% with respect to the equilibrium Zn-O bond length. 
In turn, the presence of VO with charge states of +1 and +2 causes an opposite pro-
cess, i.e., lattice expansion as to compensate their formation. In this case, nearest- 
neighboring atoms are required to make outward displacements by 2% and 23%, 
respectively (Fig. 6.1c).
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Zinc Vacancies Electronic Configuration. Zn vacancy is determined to have the 
lowest formation energy among all other types of intrinsic acceptors existed in ZnO 
[1], and it is stable in the charge states of 0, −1, and −2. Calculation via local den-
sity approximation determined that (−1/−2) and (0/−) acceptor levels are located at 
~0.87 and ~0.18 eV above the valence band maximum (VBM), respectively, and 
thus VZn was stated as double and rather deep acceptor [1]. Later, Wang et al. [7] 
confirmed via experimental investigation that (−/2-) definitely occurs at ~1  eV 
above the VBM. It was proposed that charge state of −2 is the most favorable state 
of VZn in n-type ZnO, and position of Fermi level in this case is the nearest to the 
conduction band [8]. However, once the Fermi level shifts down toward valence 
band, gradually increased appearance of VZn with −1 and neutral states becomes 
realized [1]. Several words need to say about contribution of zinc vacancies to 
famous green luminescence at around 2.4–2.5  eV observed during PL measure. 
Based on analysis by Gurylev and Perng [9], it was suggested that it is composed of 
several origins which are attributed to existence of both oxygen- and zinc-deficient 
regions in ZnO whether in the form of defect complexes or as separated yet locally 
linked components described by donor-acceptor transition. Changes in concentra-
tion of one of these defects or even both inevitably lead to increasing or reducing the 
overall intensity of green luminescence and appearance of accompanied shift. Thus, 
it cannot be assigned to only one defined type of defect. Finally, it is necessary to 
mention that transition levels of Zn vacancies in ZnO are not limited by those men-
tioned above as there are exist two additional charge states, namely, +1 and +2 
which are determined as neutral VZn with trapped holes. Theoretical estimations 
revealed that they are located at ~0.2 from maximum of valence band and ~4.89 eV 
from the bottom of conduction bands, respectively [10]. One can notice that while 
the former level is referred to position of shallow acceptor, the latter one is resided 
deeply inside the valence band as its value is far beyond width of ZnO band gap.

Geometrical Configuration. In contrast to oxygen vacancy, the geometrical struc-
ture of zinc vacancy is practically having no correlation to its charge states. 
Theoretical modeling revealed that symmetric outward relaxation of the first nearest- 
neighbor shell is realized by 10% and 14% taking equilibrium and bulk Zn-O bond 
lengths as a standard, respectively [2, 11]. Such a slight discrepancy is probably 
related to the specifications of each applied calculation approach and chosen stan-
dard to compare. Nevertheless, it leads to lowering the overall symmetry within 
crystal lattice and reducing the total available energy. It is also necessary to notice 
that holes can be localized on each of four nearest-neighbor oxygen atoms [11].

6.2.3  How to Create Defects

6.2.3.1  Hydrogenation

Thermally activated hydrogenation is an efficient method to alter surface and related 
properties of ZnO as it results in formation of oxygen and zinc vacancies along with 
introduction of interstitial and substitutional hydrogen. This process is usually 
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described via following steps [12] (Fig.  6.2a). Firstly, hydrogen atoms become 
adsorbed on already existed VO and VZn sites leading to their ionization and passiv-
ation. The realization of this step can be evidenced by disappearance of defect- 
related band in PL spectra. Theoretical calculation performed by Bruno et al. [13] 
suggested that energetically stable configuration could be achieved by adsorbing on 
both O and Zn sites or on O sites only, while adsorption on Zn sites is less favorable. 
Secondly, with extending further thermal treatment process, newly arrived hydrogen 
atoms due to absence of unoccupied vacancy sites begin to interact with surface 
species leading to breakage of Zn-O bonds and formation of adsorbed H2O mole-
cules and reduced Zn atoms. Thirdly, owing to relatively high temperature at which 
the hydrogenation usually occurs (over at least ~300  °C), it eventually leads to 
release of H2O that causes generation of additional oxygen vacancies and appear-
ance of metallic Zn. In turn, owing to its low melting point, desorption of zinc atoms 
also is realized in the following step. This process could be clearly identified by the 
increased intensity of visible band in PL spectra. Kim et  al. [14] suggested that 
desorption of water molecules from the surface of ZnO is proceeded at temperatures 
as low as 250–300 K, while the loosening of metallic zinc atoms was identified to 
occur at ~440 K. It has to be noticed that the more hydrogen atoms attack the sur-
face of ZnO, the more vacancies can be produced. The following model suggested 
by Gurylev et al. [12] was used to describe the interaction of hydrogen and ZnO 
under conditions of thermal treatment:

Fig. 6.2 (a) Schematic representation of interaction between ZnO and H atoms during thermally 
activated hydrogenation (Reprinted from Ref. [9] with permission from Elsevier. Copyright 2021). 
SEM images of ZnO nanorods grown on ITO substrate (b) before and (c) after hydrogenation at 
350 °C. (Reprinted from Ref. [12] with permission from Elsevier. Copyright 2017)
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It is evident that formation of oxygen vacancies in hydrogenated ZnO is assum-
ing to be accompanied by co-generation of zinc vacancies and might not be consid-
ered as a fully independent and isolated process. Yet, it is of general acceptance that 
thermal hydrogenation mostly leads to formation of ZnO filled with only VO, while 
appearance of VZn has been seldom reported [15, 16]. Despite this controversy, these 
results, in fact, are highly justified since the temperature of H2O desorption is much 
lower than that of releasing metallic Zn. It is of interest to notice that hydrogenation 
results in increasing the roughness of ZnO, or its very serious etching (Fig. 6.2b, c) 
which in certain cases might lead to appearance of gas produced that in turn can be 
redeposited back thus creating new complex structures [4]. Thus, conditions of this 
treatment should be determined with care.

6.2.3.2  High-Energy Particles Bombardment

Electron Bombardment In order to avoid impact of high temperature treatment 
and thus to reach precise control over desorption of oxygen and zinc atoms, alterna-
tive approaches are required to be applied for the formation of defective ZnO. Among 
various methods available in literature, electron irradiation was determined to be an 
effective tool which enables the modification of ZnO surface and consequent 
appearance of both vacancies and complexes based on them. It is necessary to keep 
in mind that this material is considered to be one of the hardest among II–VI fami-
lies of semiconductors and have great resistance to structural degradation [9]; thus, 
the applied energies of irradiation should be comparatively high. Another particu-
larity of ZnO is that displacement energy of zinc atoms equaled to 18.5 eV is more 
than two time lower than that of oxygen atoms determined as 41.4 eV [17]. Thus, 
using electron bombardments at energies within the range of 1–3  meV usually 
results in dominated appearance of VZn, while to realize accompanied generation of 
VO, it should be increased at least up to ~15 meV or over [9]. Yet, such an intensive 
irradiation greatly affects the morphology of ZnO since causing sufficient change of 
its features and dimensions. Following it, fabrication of oxygen-deficient ZnO via 
this strategy is hardly considered to be an attractive approach. In turn, electron bom-
bardment at moderate energy as a method to create zinc vacancies is more accessi-
ble and applicable. It introduces very negligible damage to the surface, and thus 
various nanoscale compounds with sensitive compositions can be treated. Finally, 
for restoring the original stoichiometry, it is enough to subject irradiated ZnO to the 
treatment at temperatures as low as ~200 °C under nitrogen flow [18].

Ion Implantation As alternative to electron bombardment, ion sputtering enables 
to desorb oxygen atoms from the surface of ZnO even at energies as low as several 
keV. Yet, in this case, the changes in stoichiometry and overall compositions could 
be accessed only by highly specialized analysis as their range is limited within top-
most layers. As an example, Sulyok et al. [19] demonstrated that employment of Ar+ 
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treatment at 1 and 2 keV decreases the number of O atoms by up to ~27% in the very 
first atomic layer in comparison to that of a bulk double layer, while the positioning 
and existence of Zn atoms was not influenced. This information was obtained by 
Auger electron spectroscopy (AES) analysis and electron energy loss spectroscopy 
(EELS), while other instrumentation techniques such as Raman and photolumines-
cence spectroscopies were unable to detect formation of any vacancies [17]. Thus, 
to extend deeper the changes in atomic arrangement so that they become easily 
detectable, the increase in intensity of ion treatment up to several hundreds of keV 
is necessary. For instance, Lv et  al. [20] used H+ ions with energies ~90 keV to 
modify ZnO whiskers, which resulted in effective formation of non-radioactive 
oxygen and zinc vacancies that presences were easily identified by common analy-
sis. It represented that range of their existence was extended beyond several surface 
atomic layers. With increasing the dose of irradiation, the concentrations of both VO 
and VZn became higher. The defects introduced via this strategy have better stability 
than those caused by electron bombardment, and higher temperatures of treatment 
are required to remove them. For instance, Chen et al. [21] reported that defective 
ZnO created by implantation with N+, O+, and Al+ and co-implantation with O+/N+ 
and Al+/N+ ions should be subjected to thermal treatment above 800 °C to restore its 
original stoichiometry.

Plasma Treatment Exposure to plasma created by various reducing gaseous com-
pounds is also a highly popular method to realize the formation of oxygen- and 
zinc-deficient ZnO.  The conditions of this treatment including duration time, 
strength of electric field, pressure, and temperature inside the chamber can define 
the degree of desired non-stoichiometry as well as the level of introduced changes 
in chemical composition and also can be used to tune the depth of their distribution. 
As an example, Ra et al. [22] demonstrated that utilization of Ar plasma for 1 min 
expectedly resulted in desorption of oxygen atoms from the surface of ZnO and 
consequent development of VO. In turn, Gurylev et al. [23] reported utilization of 
hydrogen plasma treatment for 5–20  min at room temperature to fabricate zinc- 
deficient ZnO. It was stated that formation of this compound could be attributed to 
reactive nature of hydrogen atoms as they actively break Zn-O bonds. Due to 
absence of any influence from temperature rise, and considering that pressure inside 
the reaction chamber was constantly maintained at ~5 Torr, the release of H2O mol-
ecules was greatly restrained. In turn, it triggered the departure of metallic Zn espe-
cially given that VZn has the lowest formation energy in n-type ZnO [1]. The longer 
the treatment time, the deeper the deficiency of zinc in ZnO. It has to be noticed that 
plasma treatment using H2 can also serve the opposed role, and instead of creating 
new defects, it can passivate the already existing ones, thus advancing the crystal-
linity and stoichiometry [24]. This phenomenon is explained by the insufficient con-
centration of arrived reactive ions as they only enable to fill into the naturally 
existing vacancy sites and simply cannot contribute much to the breakage of Zn-O 
bond not mentioning the formation of H2O molecule or Zn atoms. Yet, once the 
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intensity or duration of plasma treatment is increased, the formation of oxygen and/
or zinc-defective ZnO can be effectively realized.

6.2.3.3  Treatment in Reduced Atmosphere

Introduction of oxygen and zinc vacancies into ZnO also can be proceeded via ther-
mal treatment at specified temperatures in oxygen-poor or oxygen-rich environ-
ments, respectively. To create ambient with low pressure of oxygen, it is common to 
use specific neutral gases such as Ar, N2, and He or simply apply vacuum condi-
tions. At the same time, to achieve the appearance of zinc vacancies, annealing of 
ZnO in a flow of pure O2 gas might be enough. Various parameters of this process-
ing including the presence of oxygen in the surrounding environment, specific tem-
perature, and duration of treatment regulate the formation of both types of vacancies 
and also influence the range of their concentration and distribution. It is also possi-
ble to adjust their allocation, for example, whether they accumulate in bulk or sur-
face layer. In turn, incorrect conditions of utilized treatment can lead to opposite 
effect as instead of creating new defects, it would lead to strengthened crystallinity 
and improved stoichiometry. This concept can be perfectly illustrated following the 
study of Børtseth et al. [25] where ZnO was annealed in Zn-rich and O-rich atmo-
spheres. It was determined that out-diffusion of VO and VZn occurs during low- 
temperature treatment up to 700 °C. Once the higher temperature was introduced, 
the generation of new vacancies was detected as this process begins to dominate 
over that of their out-diffusion. In turn, Chen et al. [26] revealed similar trend during 
exposure of ZnO to the flow of N2 at 400–800 °C. It was determined that newly 
generated VO was detected only at temperature above 700 °C. However, it is impor-
tant to notice that this mechanism is mostly applicable to the formation of only bulk 
defects. In turn, to realize their presence within surface layer, the employment of 
much lower temperatures down to ~400–300 °C is enough as much less energy is 
necessary to activate the desorption of atoms resided in it [9]. Yet, the detection and 
analysis of these vacancies is more challengeable and problematic as more advanced 
instrumentations are required to be used for confirmation of their existence.

One should be aware that high-temperature treatment in oxygen-deficient condi-
tions can also result in co-generation of zinc vacancies. Simply to say, the evacua-
tion of oxygen atoms from their sites leaves behind isolated Zn atoms. As it has low 
melting point of 227 °C [14], its release can be hardly avoidable. In particular, Ke 
et al. [27] studied ZnO thermally treated in Ar atmosphere at 400–700 °C via PL 
spectroscopy and discovered that changes in the intensity of green-yellow emission 
(~560 nm) associated with oxygen vacancies were always traced by that of green 
emission (~535 nm) which had relation to zinc vacancies. Thus, it was determined 
that treatment in Ar atmosphere also induces the accompanied formation of VZn. As 
appearance of both types of vacancies follows each other, it might be suggested that 
these defects have locally connected to each other in a way similar to that detected 
during hydrogenation process [28].
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6.2.3.4  Vapor Phase Synthesis

Physical Vapor Deposition Physical vapor deposition (PVD) in the form of sput-
tering and evaporation has been intensively utilized to produce defective ZnO nano-
structures. Due to the nature of this fabrication approach, the realization of 
non-stoichiometric composition is mostly proceeded as appearance of oxygen 
vacancies. Both techniques provide high flexibility in precise adaptation of their 
parameters thus allowing to reach high accuracy in governing and adjusting concen-
tration and distribution of introduced defects. It is important to notice that even 
though sputtering and evaporation have certain differences, control over the forma-
tion of defective ZnO structures via both of them is proceeded following relatively 
similar scenarios. As for more detailed description, during evaporation, Zn metal is 
usually used as a source material to be heated. The level of its consequent oxidation 
determined by the presence of O2 in flowing ambient, temperature during deposi-
tion, or distance at which the diffusion of zinc atoms should be proceeded is used to 
control the deficiency level of ZnO.  For instance, Zou et  al. [29] prepared ZnO 
nanotubes by heating Zn powder at 600–700 °C in gas mixture of Ar and O2 and 
discovered that the lower the temperature, the more the oxygen vacancies produced. 
In turn, sputtering undoubtedly provides more parameters to be adjusted since it 
uses assistance of plasma source as addition to thermally activated conditions for 
deposition of ZnO. Formation of oxygen vacancies during it follows well-known 
trends. As an example, Camacho-Berrios et  al. [30] investigated zinc oxide thin 
films deposited by reactive sputtering deposition at room temperature under oxygen- 
deficient and oxygen-rich conditions that switch was realized via changing the oxy-
gen to argon ratio (O2/Ar) of applied plasma source from 20% to 70%. Assuredly, it 
was determined that concentration of oxygen vacancies increases with decreasing 
this ratio.

Chemical Vapor Deposition Chemical vapor deposition is considered to be an 
effective technique to realize highly manageable fabrication of defective ZnO with 
specific stoichiometries and morphologies. It is available in several types and speci-
fications including metalorganic chemical vapor deposition, molecular beam epi-
taxy (MBE), metal-organic vapor phase epitaxy (MOVPE), etc. which enable to 
provide great flexibility in reaching precise control over introducing desirable 
changes in Zn/O ratio within fabricated films by adjusting defined parameters and 
conditions. For example, manipulation over presence of oxygen and zinc in the car-
rier gases allows to achieve the formation of certain types of defects. Simply to say, 
at constant O pressure, the increase in Zn pressure usually results in a higher amount 
of VO. Oppositely, the decrease in Zn pressure can be used to increase the concentra-
tion of VZn [31]. In turn, the temperature of deposition also influences the ratio of 
Zn/O vapors delivered to the substrate. This principle was utilized in the study of 
Venkatachalapathy et al. [32] who prepared defective ZnO films via MOVPE. It was 
revealed that respective concentration of each Zn and O gases supplied to the reac-
tion zone is controlled by changing the temperature inside the chamber. Particularly, 
appearance of Zn-lean condition was identified for the temperature of 325 °C which 
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resulted in favorable formation VZn, while utilization of higher temperatures was 
associated with proceeded fabrication of oxygen-deficient ZnO.  Alternatively, a 
very interesting method to tune the concentration and distribution of defects was 
proposed by Zubiaga et al. [33] who determined that orientation of sapphire sub-
strate has a clear correlation with development of zinc vacancies in ZnO films pre-
pared by MOCVD. It was revealed that a- and c-oriented sapphires led to sufficient 
accumulation of VZn, while employment of m-plane-oriented sapphire substrate ini-
tiated opposite trend, i.e., restored stoichiometry in deposited film. As expected, 
with increasing the thickness of fabricated ZnO, its dependency on the substrate 
orientation gradually decreases.

Atomic Layer Deposition Atomic layer deposition method is considered to be a 
specially designed modification of chemical vapor deposition which has character-
istics of sequential, self-terminated surface reactions that allow to reach pin hole- 
free and uniform composition within a thickness of only several nanometers. It is 
able to precisely adjust the composition of deposited film thus allowing to reach 
accurate control over introduction and presence of specific defects with accuracy 
that is much higher than that of previously described PVD and CVD. For example, 
changing the cycle number of ALD enables to activate its correlation with nature 
and concentration of vacancies generated in ZnO as it was shown by Chaaya et al. 
[34] who investigated ZnO with thicknesses ranging from 100 cycles (~25 nm) to 
1000 cycles (~250 nm) deposited on Si substrate and discovered that the higher the 
cycle number, the lower the O:Zn ratio. In turn, changes in stoichiometry of depos-
ited ZnO lead to increased surface roughness which could be attributed to the mini-
mization of free energy and rearrangements of atomic positions due to formation of 
vacancies (Fig. 6.3a, b). Another parameter of ALD process which has influence on 
the presence of VO in ZnO is the temperature of substrate during deposition, i.e., the 
higher the temperature, the lower the ratio of O/Zn [35] (Fig. 6.3c). Overall, one 
should notice that ALD is more preferable for fabrication of oxygen-deficient rather 
than zinc-deficient ZnO. Even though VZn has the lowest formation energy in n-type 
ZnO among other defects [1] and displacement Zn atoms can be realized as much 
less efforts compared with that of creating VO [17], it is much easier to initiate con-
ditions during deposition that favor the release of oxygen species or incomplete 
filling of oxygen sites inside ZnO crystal lattice. However, formation of zinc- 
deficient ZnO still can be reached by ALD. As it was demonstrated by Jin et al. [36], 
it becomes possible by applying its plasma-enhanced version where oxygen source 
is used as one of precursors to proceed chemical reaction. It was determined that 
increasing the time plasma exposure resulted in appearance of Zn vacancies.

6.2.3.5  Chemical-Based Approaches

Sol-Gel Method According to Znaidi [37], the sol-gel process allows elaborating 
a solid material from a solution by using a sol or a gel as an intermediate step and at 
much lower temperatures than it is accessible by traditional methods of preparation. 
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The resulting materials are usually available in the form of nanoparticle-based pow-
der or thin film deposited either via spin or dip coatings. Due to wide range of avail-
able chemicals and consequently different routes of proceeded reaction, various 
types of defects can be introduced into ZnO. Furthermore, adjusting the parameters 
of synthesis, such as molar ratios of reaction components, aging time, and necessity 
of water can be used to adjust their concentration, distribution, and diffusion path-
way. It has to be noticed that as sol-gel synthesis of ZnO is often realized in oxygen- 
rich growth environment, thus the formation of VZn can be achieved much easier 
than that of VO [38]. Yet, it is still possible to obtain oxygen-deficient ZnO by apply-
ing post-synthesis thermal treatment in desired atmosphere which, in fact, also 
serves as necessary step to remove the residual chemicals and strengthen the 
obtained structure by making it crystallized since sol-gel process is frequently 
enable only to produce amorphous or partially amorphous structures. For example, 
Dejene et al. [39] investigated how the characteristics of obtained ZnO quantum 
dots can be modified by changing the OH−/Zn2+ molar ratio of the precursor via 
varying the amount of added NaOH to Zn(CH3COO). Prior to analysis, the samples 

Fig. 6.3 (a) AFM and (b) SEM cross-sectional images ZnO with different cycle number. (Adapted 
from Ref. [34]. Copyright 2013, Beilstein-Institute. Available under the Creative Commons 
Attribution 2.0 Generic License, http://creativecommons.org/licenses/by/2.0/) (c) Normalized O/
Zn atomic concentration ratio in ZnO-ALD films grown at different temperatures. For comparison, 
commercial ZnO crystal (MaTecKTM) with O/Zn value of 0.716 was used. (Reprinted from Ref. 
[35] with permission from Institute of Physics Publishing. Copyright 2013)
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were subjected to annealing at 600 °C.  It was demonstrated that with increasing 
OH−/Zn2+molar ratio to about 5.5, the intensity of green luminescence which was 
identified to be related to oxygen vacancies reaches the maximum value and then 
reduces thereafter. For its part, the morphology of fabricated ZnO quantum dots did 
not show any correlation to changes in concentration of utilized chemicals.

Hydrothermal Method Hydrothermal method allows to obtain ZnO with various 
morphologies including nanowires, nanorods, nanoparticles, nanoforests, etc. that 
demonstrate highly defined structural characteristics and precisely tuned chemical 
compositions. This process is usually realized via creating aqueous solution from 
specified chemicals which in the following step becomes subjected to certain tem-
perature and pressure thus to initiate reactions. Compared with TiO2 discussed in 
Chap. 5, the conditions of this process with regard to growth of ZnO are much softer 
as hydrothermal synthesis of this material can occur at temperatures as low as 70 °C 
[40]. The choice of chemicals, their molar ratios, and particularities of preparation 
route to make the solution as well as parameters of thermal treatment process such 
as its temperature and duration can be used not only to identify the stoichiometry of 
obtained structures but also to predict the positions of defects, whether their prefer-
able location is in the surface or deeply inside the bulk. Yet, most of ZnO obtained 
via this method has clearly defined oxygen deficiency due to excess of zinc atoms 
from the precursors. For example, Alshehri et al. [41] investigated the growth of 
ZnO nanorods by placing solution containing ZnCl2 and Na2CO3 into Teflon auto-
clave which was then heated for 140 °C and kept at time range from 3 to 12 h. 
Analysis of PL spectra revealed that the longer the duration of treatment, the more 
the oxygen vacancies produced. It is important to notice that the difference in mor-
phological and topological features of synthesized ZnO obtained by altering certain 
specific parameter might not always guarantee that any changes occurred in their 
stoichiometries. As an illustration, Akhavan et al. [40] determined that changes in 
molar concentration of NaOH used as addition to Zn(NO3)2 for synthesis at 70 °C 
and 1.5 h “did not substantially affect the chemical composition of the grown ZnO 
nanostructures” even though their diameters, height, hydrophilic property, and opti-
cal absorption were influenced significantly.

Solvothermal Method In perspective, solvothermal method has a huge resem-
blance to that of hydrothermal since almost identical chemicals are utilized there as 
precursors and conditions of applied thermal treatment are quite similar. The only 
difference is that instead of adding water, the former approach uses various organic 
solvents which have non-aqueous nature, and thus there is no need to consider their 
boiling point. In this regard, it is possible to apply higher temperature of synthesis 
which allows to achieve more complete and fast reactions between solid species. 
Furthermore, these organic solvents are available in wide range, and thus it is pos-
sible to use them not only as a single compound but also via mixing several of them. 
It provides better flexibility in controlling the morphological features and stoichi-
ometry of obtained ZnO as more particulate and specific generation of structural 
defects accompanied by wider changes in chemical compositions can be reached 
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compared with that of hydrothermal method. As an illustration, Ghoshal et al. [42] 
investigated the formation of ZnO via applying mixed system of ethylene glycol 
(EG) and ethanol as a solvent under the temperature range of 135–200 °C. It was 
discovered that the higher the temperature of treatment, the more the VO produced. 
In turn, formation of zinc-deficient ZnO structure also could be effectively realized 
by choosing correct mixture of organic solvents. Pan et al. [43] perfectly demon-
strated reliability of this concept. In their study, the solvothermal treatment was 
proceeded via combining zinc acetate with both propanetriol and ethanol and con-
sequent treatment of obtained solution under the temperatures of 180 °C for 24 h 
followed by thermally activated calcination at 400 °C for 1 h in air. It was discov-
ered that addition of propanetriol results in appearance of zinc deficiency, while its 
absence led to formation of fully stoichiometric ZnO.

Chemical Bath Deposition Method Chemical bath deposition method to produce 
ZnO becomes very popular recently as it allows to reach the formation of this mate-
rial with highly defined morphology, structure, and stoichiometry without using 
Teflon-based autoclave. Simply to say, there is no need to apply additional pressure 
as all reactions are proceeded with assistance of thermal activation at temperatures 
of only 90 °C or lower which means that the employment of specific equipment can 
be omitted. Thus, successful realization of this synthesis is easily achievable, for 
example, in commonly used borosilicate glass bottle. The growth of ZnO nanostruc-
tures usually proceeded on certain substrate covered with seed layer; yet it is not a 
necessary and mandatory requirement. In this regard, more parameters can be con-
trolled and adapted during synthesis compared with mentioned above hydrothermal 
method as apart from the standard one such as the temperature of treatment, its 
duration, choice of chemicals, and their concentrations and molar ratios, the compo-
sition of finalized product also can be adjusted by the tuning the dimension, size, 
and structure of seed layer as well as its compositional features. For example, 
Barbagiovanni et al. [44] demonstrated that by changing the molar ratio of hexa-
methylenetetramine and zinc acetate used to prepare reaction solution, it is possible 
to modify the ratio of VO/VZn. In turn, Gu et al. [45] investigated the influence of 
precursor concentration of sols on the properties of seed layer and its impact to 
modify the chemical composition of grown ZnO nanorods. It was discovered that 
the more excessive the presence of zinc in seed layer, the higher the crystallinity of 
produced 1-D structures, and the more defined their orientations along c-axis, the 
more the VO generated. Yet, this relation is only reliable till reaching only specific 
precursor concentration.

Chemical Reduction Method Chemical reduction is considered to be one of the 
most commonly applied methods to create oxygen deficiency in ZnO. In general 
terms, the proceeded reactions have very similar character to that occurred during 
thermal reduction with only difference is that instead of activation via high tempera-
ture, it can be processed at mid-range conditions as imbalance of chemical poten-
tials appeared to be the main driving force. Changes in the parameters at which this 
processing occurs such as the duration of reaction or the temperature of its environ-
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ment as well as specific type of chosen chemicals to serve as reducing agent and 
their molar ratio have great affection on the formation of VO and also can be used to 
adjust its concentration and precise allocation As an example, Wang et  al. [46] 
investigated chemical reduction of hydrothermally grown ZnO nanorod arrays via 
their immersion into 0.1 M NaBH4 solution at room temperature for different dura-
tions. It was discovered that shorter treatment time up to 30 min resulted in appear-
ance of VO on the surface of nanorods, while it increases to 45 min led to generation 
of their bulk-resided analogies. The temperature of chemical reduction also might 
play a crucial role in creating defective ZnO as its increase within reasonable range 
can lead to speeding up the reaction and intensifying the release rate of surface 
oxygen atoms [47].

6.2.3.6  Electrochemical Methods

Electrochemical synthesis is highly a applicable method to prepare nanosized ZnO 
with specific morphologies and stoichiometries as it can suggest various advantages 
compared with other fabrication methodologies described above including simplic-
ity, operation at low temperature, high energy-efficiency, and greater purity of the 
obtained composition. In a typical experiment, zinc plate or conductive substrate is 
used as anode or cathode (it is depended on the experimental setup), and deposition 
of desired compounds is realized on its surface via dissolution of Zn atoms, and 
their consequent assemblance with (OH) radicals existed in electrolyte. The result-
ing zinc hydroxide then is transformed into ZnO following dehydration [48] or 
water oxidation reaction [49]. Various parameters during this synthesis can be 
adjusted to control the morphology and stoichiometry of fabricated nanostructures 
such as applied voltage (potential), duration of its application, type and concentra-
tion of electrolyte solution and its PH value, characteristics of substrate, whether it 
has a presence of additional compounds, etc. For example, Dai et al. [50] investi-
gated stoichiometric compositions of ZnO thin film produced via its deposition on 
PHEMA hydrogel-coated ITO using zinc nitrate aqueous solutions as electrolyte 
and discovered that while at surface it has very standard Zn/O ratio, the bulk shows 
very clear appearance of oxygen vacancies which concentration and spread increase 
following the time of treatment. In turn, Mika et al. [51] revealed that formation of 
VO in electrodeposited ZnO could be adjusted by varying the potentials as its rise 
leads to gradual strengthening of surface-based oxygen deficiency.

6.2.3.7  Mechanical Methods

High-energy ball milling (BM) has been considered to be an effective, simple, and 
accessible technique which can be used to realize the fabrication of nanoparticle- 
based powders with desired stoichiometries. During this process, the friction and 
collision created by interactions with balls could result in appearance of relatively 
high temperatures over 1000 °C at very localized area for the duration of 10−3 to 
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10−4 s [52]. Such conditions can lead to disturbance of periodic array in crystal lat-
tice and often cause the release of atoms which are eventually associated with for-
mation of vacancies. Their concentrations could be easily controlled by adjusting 
various parameters during this processing including rotating speed, time of milling, 
or using specific starting compounds. Yet, it is generally accepted that to manage the 
exact type and spatial distribution of structural changes in ZnO nanostructures as to 
make it become more oxygen- or zinc-deficient is a very challengeable task as apart 
from mentioned above, other defect including zinc interstitials, oxygen interstitials, 
and oxygen antisites also can be generated [53]. Another disadvantage of BM pro-
cessing is that it usually results in introduction of defects resided in bulk which are 
considered to have a negative impact on the photocatalytic activity of ZnO, while 
their accumulated appearance in surface is hardly reachable.

In response to the above, Kaftelen et al. [54] demonstrated that application of 
low temperature condition to the BM treatment can lead to advancement of this 
process. In their study, ZnO filled with VZn was considered as a starting material. 
Using electron paramagnetic resonance and PL spectroscopy, it was discovered that 
the longer the time of milling results, the higher the presence of VO in the surface, 
while bulk was kept its original composition. Thus, core-shell structure was fabri-
cated, where the shell showed oxygen deficiency, while core demonstrated domi-
nated presence of zinc vacancies (Fig. 6.4).

6.2.3.8  Crystallinity, Size, and Dimension of ZnO vs Formation of Defects

As ZnO nanomaterials can be designed with different crystallinity, sizes, dimen-
sions, etc., formation of defects in them cannot be considered as to follow one 
defined tendency since their appearance has certain and clear correlation with 
changes in these features. Simply to say, proceeding correct designation and adjust-
ment of characteristics in fabricated ZnO allows to estimate with certain degree of 
accuracy what kind of defects it might have and how to control them. Thus, it can 
serve as a powerful tool to define their appearances in advance. However, it should 
be noticed that for each particulate structures and synthesis or post-synthesis meth-
ods, these changes follow its own trend, and thus they cannot be equalized. As an 
illustration, by varying the thickness of ZnO thin film deposited by ALD, it is pos-
sible to adjust the oxygen deficiency with very precise accuracy. The higher the 
cycle number, the lower the O/Zn stoichiometry [34]. In turn, opposite trend was 
observed in case of 0-D structures. Xu et al. [55] reported that with decreasing the 
size of ZnO nanoparticles, the concentration of oxygen vacancies becomes higher. 
Similar observation is also can be referred to influence of crystallinity. For example, 
it was shown that increasing the temperature inside the reaction chamber during 
ALD depositions leads to minimizing the fraction of amorphous regions in depos-
ited ZnO results in dominated appearance of oxygen vacancies [35]. In alternative, 
Mohammad et  al. [56] showed that during chemical bath deposition of ZnO 
nanorods, the highest intensity of XRD peaks might not correlate with largest con-
centration of surface and sub-surface oxygen vacancies. In turn, it was often reported 
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that changes in the dimensionality of ZnO nanostructures also can be used to adjust 
the concentration of defects within them, particularly VO. It is usually defined by the 
qualitative and quantitative presence of polar plane [0001] that is highly favorable 
for the formation of oxygen-deficient regions. Yet, it would be incorrect to say that 
the higher the surface area, the higher the fraction of this plane available in the ZnO 
[57], as this correlation is influenced by additional factors including fabrication 
method, method of analysis or mentioned above crystallinity and changes in size, 
etc. Thus, it is evident that it is possible to control the existence of defect in ZnO 
through playing with particularities of its structure and other related factors; yet 
application of this strategy should be taken with extreme caution as a lot of factors 
affect its correct procedure.

Fig. 6.4 (a) Schematic illustration of a ZnO nanocrystal, obtained from freezer milling. It consists 
of a negatively charged interior core and a positively charged outer shell. The EPR and PL spectra 
are given for the 1 min milled sample where core and shell defects can be clearly observed in 
simultaneous manner. (b) PL spectra recorded at room temperature and (c) integrated area of core 
and shell signals from PL spectra show the evolution of defect concentrations in samples milled at 
different times. (Reprinted from Ref. [54] with permission from American Physical Society. 
Copyright 2012)
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6.2.4  Properties of Defective ZnO

6.2.4.1  Structural Properties

Oxygen Vacancies Theoretical calculation performed by Janotti and Van de Walle 
[1] determined that formation of oxygen vacancies in neutral charge state results in 
inward displacement of the four nearest Zn atoms, while for VO in charge states of 
+1 and +2, the outward relaxation was identified. Partial reliability of this model 
was experimentally demonstrated by Lorenz et  al. [58]. It was determined that 
changes in the lattice parameters of ZnO prepared by pulsed laser deposition had a 
defined dependency from the presence of neutral oxygen vacancies. Applying Mn 
atoms as a local probe revealed that with decreasing the oxygen partial pressure 
during deposition, i.e., increased concentration of VO, c-axis experienced expansion, 
while a-axis was compressed. Overall, the reduction of unit cell in the direction 
perpendicular to the crystallographic c-axis was observed, and it was accompanied 
by the decreased bond length between zinc and oxygen atoms in the ZnO4 tetrahe-
dron. Oxygen vacancies also influence the orientation of crystal lattice as their 
introduction results in breakage of thermodynamic balance within it which leads to 
reorientation of some crystallites toward less energy-favorable axis in order to 
restore equilibrium. Following it, the increasing of polycrystallinity in VO-ZnO 
could be observed [59]. The presence of oxygen deficiency that defines lattice 
ordering can be visualized by direct high-resolution transmission electron micros-
copy (HRTEM) observation. Asok et al. [60] demonstrated that its introduction into 
ZnO resulted in appearance of lines of dark spots in the lattice which were eventu-
ally determined as missing oxygen atoms. Finally, it was revealed that realization of 
ZnO with surface-based oxygen deficiency leads to formation of amorphous shell 
with a thickness of ~1–2 nm around the crystallite core [61], similar to that observed 
in case of hydrogenated TiO2.

Zinc Vacancies As it was calculated via DFT simulation [1], the presence of these 
defects is followed by the expansion of crystal lattice. For example, Pan et al. [43] 
investigated ZnO fabricated via solvothermal treatment and demonstrated that char-
acteristic X-ray diffraction peaks of zinc-deficient sample were shifted toward lower 
angle compared with that of fully stoichiometric sample due to enlargement of 
c-axis. Analysis via HRTEM visualization also can be used to determine the exis-
tence of VZn in ZnO; yet direct assessment of its outcome might suffer from correct 
interpretation due to certain resemblance of their appearance with that of oxygen 
vacancies. Ding et al. [62] analyzed ZnO nanobelts prepared by solid-vapor deposi-
tion process and observed the existence of black spots within the crystal lattice 
which identification however was hardly possible without additional evaluation. 
Thus, to clarify whether it belongs to VZn or VO, it was required to combine simu-
lated image created via atomic model of superstructure with real HRTEM image. 
Based on this, it was discovered that changes in contrast could only be sensitive to 
vacant Zn spot.

6.2 Intrinsic Defects in ZnO
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6.2.4.2  Optical Properties

The presence of oxygen or zinc vacancies in ZnO causes the formation of local 
defective states within the band gap that not only enable increasing the overall 
absorption in parallel but also allow to make this material become sensitive to visi-
ble light. Following this mode, electron firstly is excited from the valence band to 
the oxygen or zinc vacancy state which serves as an intermediate transition level, 
and later with absorption of another photon, it traverses further toward the conduc-
tion band. The positioning of these VO- and VZn-supported defective states are sup-
posed to be near the conduction and valence bands given their donor- and 
acceptor-like characteristics, respectively, or deeply inside the band gap depending 
on many factors such as presence of impurities, condition of synthesis or post- 
synthesis treatment, etc. Formation of defects in ZnO and their ability to make it 
become sensitive to the visible light can result in changing of its color as it follows 
their nature and concentration. As for individual influences of oxygen and zinc 
vacancies, the introduction of VO usually results in more profound and resonant 
effect as the changes in the narrowing of band gap and parallelly increasing absorp-
tions in both UV and visible spectra are highly evident. In turn, the presence of VZn 
leads to less obvious changes in the red shift of absorption edge. In fact, under cer-
tain conditions, it even enables to degrade original optical characteristics of ZnO 
via, for example, lowering sensitivity toward UV light [9].

6.2.4.3  Electronic Properties

Oxygen-Deficient ZnO Theoretical simulation revealed that VO in ZnO exists in 
the form of negative U-center which means that it is stable only in neutral or +2 
charge states [1]. The position of Fermi level determines which one out of these two 
types is more dominant in ZnO. Under n-type conditions, when Fermi level is close 
to conduction band, the neutral charge state of VO is more favorable, while under 
steadily increasing p-type conditions, when Fermi level gradually moves to valence 
band, the charge state of +2 becomes dominated. The transition level between two 
types of oxygen vacancies was generally accepted as ~2.2 eV from valence band 
(~1 eV from conduction band) [2] even though some author argues it. For example, 
Clark et al. [63] reported the values of ~1.67 and even ~2.02 eV above valence band 
depending on the applied theoretical approach. Since ZnO has characteristics of 
n-type semiconductor, the position of Fermi level is expected to be in upper part of 
band gap, and it means that VO has neutral charge state and is considered to be deep 
rather than shallow donors. In this case, these defects are located in the lower part 
of conduction band which make them unsuitable for providing electrons to the con-
duction band. Thus, they serve as compensation centers. In this regard, they result 
in narrowing the width of band gap by making the appearance of a tail that leads to 
broadening of valence band [61]. In turn, experimental evidence demonstrated that 
the latter scenario might not always work due to the following reasons: firstly, as 

6 Case Study II: Defect Engineering of ZnO



209

bulk VO is introduced and, secondly, when that Vo
2+  becomes dominated, and in this 

case, the mid-gap energy levels are located close to conduction band [64].

Zinc-Deficient ZnO Zinc vacancies in ZnO have five charge states, named +2, +1, 
0, −1, and −2; yet most reports available in literature do not recognize the first two. 
It can be justified as follows. In order to create them, VZn

2+  and VZn
1+  from the most 

stable configuration of zinc vacancies, i.e., VZn
2− , it is necessary to catch four and 

three holes, respectively. According to Frodason et  al. [11], it is a very unlikely 
scenario if only the concentration of photogenerated holes is extremely high. Thus, 
formation of these defects cannot occur in naturally existed n-type ZnO. Simulation 
based on density functional theory (DFT) predicted that (−/−2) and (0/−1)  transition 
levels of zinc vacancies are located at ~0.87 and 0.18 eV, respectively, above valence 
band maximum which makes it double and deep acceptor [1]. The former transition 
which existence is confirmed, for example, via analysis by electron paramagnetic 
and optically detected magnetic resonances [7], is often considered to be responsi-
ble for the appearance of emission in PL spectra at ~2.35 eV measured at ambient 
conditions [28]. In turn, the transition at ~0.18 eV could be easily detected by tem-
perature-dependent PL analysis [65]. Yet, it has to be noticed that apart from the 
above, alternative positions of these transition levels are also available in the litera-
ture. In particular, Oba et al. [66] used hybrid Hatree-Fock DFT calculation to esti-
mate these donor levels at ∼0.8 eV and ∼2.5 eV above the VBM, respectively, while 
Frodason et al. [11] via HSE hybrid functional determined them to occur at ~0.71 
and ~1.26 eV. In turn, experimental results often stated that VZn

− centers give rise to 
PL emission in the range of 1.6–2.1 eV [67]. Wang et al. [7] attributed its appear-
ance to the presence of large lattice displacement occurred as a result of Jahn- Teller 
(JT) distortion that can shift localization of (−/-2) transition level toward conduc-
tion band for ~0.8 eV. Furthermore, it was also discovered that positioning of this 
PL emission has clear dependency on the assemblance of VZn

− centers, as at their 
higher clusterization and lower presence of isolated defects, it is shifted to higher 
energy for 0.3 eV, i.e., closer to valence band [67].

6.2.4.4  Electrical Properties

Introduction of oxygen or zinc vacancies has great influence on the electrical prop-
erties of ZnO. As VO has defined donor-related characteristics [1], their appearances 
usually lead to increased conductivity via rising the concentration of electrons and 
their mobility whether in relative or absolute units. Simply to say, if they presented 
in the state of neutral charge which is equal to position of Fermi level close to con-
duction band, they can serve as compensation center for acceptor-related defects, 
thus lowering the probability for recombination of electrons. Alternatively, if they 
become available in the charge state of +2 that appeared once the Fermi level is 
shifted to valence band, they have direct contribution to the strengthening of the 
n-type electrical conductivity as they can supply electrons to conduction band. It is 
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interesting to notice that theoretical models strongly support the former scenario 
(Fig. 6.5), while experimental studies revealed that the latter one, in fact, is the most 
probable. Gurylev and Perng [9] suggested that this contradiction is likely referred 
to the fact that the Fermi level of n-type ZnO might not always be located near the 
conduction band due to the presence of numerous unavoidable impurities such as H 
and Cu or co-existence of acceptor-type VZn whose formation is the most favorable 
in n-type ZnO. Following it, EF is likely to shift toward the valence band, and thus 
the appearance of Vo

2+  is highly favorable. As a final word, it is necessary to notice 
that certain caution should be taken while playing with concentration of these 
defects as its continuous advancement cannot always lead to increase of conductiv-
ity. To be clear, excess of oxygen deficiency usually causes an opposite outcome and 
results in increasing the resistivity of ZnO, i.e., overloading with electrons would 
induce the shortening of mean free path and higher chance to be recombined.

In turn, zinc vacancies are determined to be an acceptor-type defect, and thus 
their generation might result in formation of p-type conductivity in ZnO or its 
enhancement if other acceptor-type impurities are introduced. In fact, the situation 
with this type of defects, very similar to that of VO as while numerous experimental 
evidence confirmed its direct contribution to the increasing concentration of holes 
and thus appearance of n → p transition, theoretical simulations in turn strongly 
oppose it as they define VZn to be deep acceptors that can only enable compensation 
of donor-related impurities and “unlikely play any role in p-type conductivity” [1]. 
As it was stated by Gurylev and Perng [9], this discrepancy in describing the defect- 
induced appearance of p-type conductivity via both approaches might originate 
from the partial inability of simulated approximations to fully access the processes 
occurring in the crystal lattice of ZnO during the experiments. For instance, it is 
often the case that its band gap estimated via theoretical calculations has width 
much different from that of real one, and in this matter, the positions of VZn acceptor 
levels shown in these models might need additional verification via real-time mea-
surements as it is located beyond it. Even if a correct band gap could be achieved 
[66], other processes which happened during experimental procedure or analysis 
routine are hardly to be included into simulation and described properly as it 
increases it complexness and resource cost. Yet, it also cannot be said that formation 
of intrinsic p-type conductive ZnO can be always realized as introduction of zinc 
deficiency alone very often unable to initiate the appearance of required transitions. 
Thus, it was suggested that certain phenomenon connected with the generation of 
VZn that cannot be detected either by currently existed analysis equipment or identi-
fied via theoretical methodology might occur within the electronic structure of ZnO 
[9]. Access to them might be the key to resolve the existed controversy regarding 
capability of this type of defect to serve as a source of positively charge carriers.

6.2.4.5  Other Properties

Apart from the above-mentioned characteristics, formation of defects in ZnO can 
influence other properties which are briefly discussed here.
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 (a) Ferromagnetism. Recently, it was discovered that introduction of zinc vacan-
cies might cause the appearance of room-temperature ferromagnetism in nomi-
nally undoped ZnO, and its value can even be comparable with that of 
conventional ferromagnetic materials such as Fe3O4 [68]. Furthermore, it was 
determined that introduction of zinc deficiency into the bulk cannot contribute 
to the magnetism, while its presence in the surface can sufficiently increase its 
response [38]. In turn, oxygen deficiency also can cause the appearance of fer-
romagnetism; yet its magnitude is much lower compared with that of zinc- 
deficient ZnO [9].

 (b) Thermal Conductivity. Introductions of point defects such as oxygen and zinc 
vacancies are an effective approach to reduce thermal conductivity of ZnO. Their 
extensive appearances also might lead to formation of additional dislocations 
accompanied by micro- or nanosized distortions that can enhance the phonon 
scattering and generation of localized heating spot. Thus, the more the defects 
produced, the lower the thermal conductivity.

 (c) Mechanical Properties. As it was demonstrated by Gurylev et al. [28], forma-
tion of vacancies on the surface of ZnO can effectively decrease stiffness coef-
ficient making it “softer”. It might be explained due to reduced strength of 
crystal lattice as removal of atoms from it results in decreasing of overall energy 
and lowering the barriers which is necessary to overpass in order to deform it. 
Thus, the more the vacancies introduced, the more influenced the stuffiness 
coefficient.

Fig. 6.5 (a) The position of the created a1 state for the equilibrium configuration of each charge 
state that oxygen vacancy has in ZnO. Arrows show the presence of electrons. (b) Formation ener-
gies vs Fermi level for oxygen vacancies in ZnO in each charge states, under Zn-rich conditions. 
(Adapted from Ref. [5] with permission from AIP Publishing. Copyright 2007)
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6.2.5  Application of Defective ZnO as Photocatalyst

6.2.5.1  Brief Overview

Given its exceptional features, such as low cost, non-toxicity, favorable band edge 
position, and chemical stability, zinc oxide has been widely considered as an effec-
tive photocatalytic material for various important and emerging applications such as 
removal of harmful dyes, generation of ammonia via nitrogen fixation, water split-
ting and production of hydrogen, degradation of CO2, etc. Yet, successful realization 
of these processes at level that is required for their full industrialization cannot be 
proceeded due to certain limitations of ZnO as a material. Despite the advantages 
mentioned above, it has wide band gap which makes the absorption of visible light 
hardly possible and also possesses extremely high recombination rate of photogen-
erated electron/hole pairs that lead to their low presence on the surface. Various 
methodologies were applied to overcome these problems such as decoration with 
noble metal, utilizing immobilization with cocatalyst, combining with other semi-
conductors, etc. Employment of intrinsic defect engineering can be considered as a 
fascinating alternative to them as it enables to advance properties and characteristics 
of ZnO through altering of its own composition and structure without application of 
any external materials or chemical as only to initiate these changes. Thus, projecting 
this approach on the above-mentioned disadvantages of ZnO, it can be, for example, 
used to extend its absorption profile thus promoting utilization of full solar spectra. 
In addition, given that Vo and VZn are donor- and acceptor-like defects, respectively, 
they also effectively increase the presence of charge carriers as well as improve their 
mobility and lifetimes which also sufficiently enhance the light-induced activity. 
More detailed discussion of application of defective ZnO to each photocatalytic 
process is provided below.

6.2.5.2  Photocatalytic and Photoelectrochemical Water Splitting

Solar light-assisted production of hydrogen using water splitting process is deter-
mined to be the most sustainable and potential method for meeting the current need 
in energy. As the conduction band minimum and valence band maximum of ZnO 
are thermodynamically and kinetically favorable for water reduction and oxidation, 
introduction of controlled deficiency into it allows to extend further its current 
effectiveness and steadiness transforming this material into highly attractive photo-
catalyst. For example, Lu et al. [15] demonstrated that formation of oxygen vacan-
cies via hydrogenation treatment at 350 °C in ZnO nanorods array grown on FTO 
led to detection of fivefold increase in hydrogen evolution under solar light com-
pared with that of fully stoichiometric sample (Fig. 6.6a, b). In turn, Yao et al. [69] 
showed that as ZnO can be employed in the role of photoanode during photoelectro-
chemical water splitting, the existence of VO enhances the value of its light-induced 
current density. Yet, it has to be noticed that even though these promising results are 
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widely available in the literature, there still exists some inconsistency between the 
value of extended absorption edge and/or consequently narrowed band gap and 
related photocatalytic performance [9], very similar to that observed in previous 
chapter in case of TiO2. Simply to say, visible light-driven reaction activity often 
cannot be detected, and the overall enhancement of water splitting efficiency is 
mainly referred to the enhanced utilization of UV light accompanied by higher con-
centration of charge carriers and their consequently reduced recombination rate. It 
perfectly can be demonstrated using studies of Lu et al. [15] and Yao et al. [69] 
mentioned above. Once the light wavelength was limited to the visible spectra, the 
hydrogen evolution rate and photocurrent density, respectively, approached to zero 
even though both studies stated that VO-ZnO demonstrated capability to absorb vis-
ible light (Fig. 6.6c). Gurylev and Perng [9] suggested that it might be referred to 
the positioning of energy levels created by oxygen vacancies in the band gap, as 
their localization occurs below the reduction potentials of H2O, and thus, they are 
unable to contribute electrons resided there for participating in hydrogen evolution 
reaction. Thus, to initiate visible light activity of defective ZnO that can contribute 
to the photocatalytic water splitting, it could be suggested to create more transition 
levels within the band gap via, for example, co-introduction of both VO and VZn [12]. 
Finally, it is necessary to become aware that there exists an optimized concentration 
of defects, which results in most efficient photocatalytic/photoelectrochemical per-
formance. Simply increasing their presence till reaching maximum might not be the 
best approach, and instead accurate turning is required.

Fig. 6.6 (a) A schematic diagram showing the fabrication of hydrogenated ZnO nanorods array 
(H:ZnO NRA). (b) Photocatalytic hydrogen production rate collected for ZnO NRA film, H:ZnO 
NRA film, and H:ZnO NRs (powder) in a solution containing 0.1 M Na2SO3 and 0.1 M Na2S under 
white light irradiation. (c) Diffuse reflectance UV-visible spectra of ZnO and H:ZnO NRAs. Inset: 
their optical images. (Reprinted from Ref. [15] with permission from The Royal Chemical Society. 
Copyright 2012)
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6.2.5.3  Light-Induced Water Purification

Photocatalytic degradation of dyes using solar light is applied to remove highly 
toxic molecules from aqueous media via their transformation into various non- 
hazardous compounds such as carbon dioxide and water. It is considered to be a 
highly promising approach to resolve the problem of clean water around the globe. 
Defective ZnO due to its unique characteristics and features can become a promis-
ing solution for the enhancement of its efficiency. Furthermore, compared with 
hydrogen production, this processing has much higher chances to be effectively 
realized under visible light as positions of mid-gap levels with respect to potentials 
of redox reactions should satisfy less criterions. For example, Lv et al. [61] demon-
strated that removal percentage of total organic carbon (TOC) for decomposition of 
methylene blue by reduced and stoichiometric ZnO was determined to be 83% and 
6% after 6 h of visible-light irradiation, respectively. The more vacancies were pro-
duced, the better efficiency of photocatalytic degradation was detected; yet, it only 
works till their concentration reaches saturation, which is very similar to that 
ascribed for water splitting. In turn, Gurylev et al. [12] showed that VZn also can 
contribute to the enhancement of photocatalytically activated removal of dye via 
defective ZnO as their simultaneous introduction with VO and consequent synergy 
resulted in threefold higher rate of MB degradation under visible light compared 
with standard sample. It has to be noticed that in both mentioned cases, the absorp-
tion capability of ZnO was extended due to the presence of defects. Thus, it per-
fectly matched demonstrated performances.

6.2.5.4  Photoconversion of CO2

Photocatalytic conversion of CO2 via reaction with water to produce solar fuels is a 
highly promising approach to significantly decrease the negative impact of its emis-
sion and to make it serve as a source of various valuable carbon-neutral fuels. Band 
gap positions of ZnO perfectly match the reduction potential of CO2 as well as water 
oxidation; thus it is considered to be a potential candidate to serve as an efficient 
photocatalyst. In turn, its filling with various defect including oxygen or zinc vacan-
cies can sufficiently contribute to the continuous advancement of this processing. It 
is attributed to the appearance of the following particularities which in some terms 
are very similar to that mentioned in previous chapter with regard to TiO2. Firstly, 
oxygen-deficient surface of ZnO is thermodynamically more favorable to trap CO2 
than a defect-free surface. Secondly, defect sites can be used for selective reduction 
of CO2, as, for example, its transformation into CO2 rather than CH4 [70]. Thirdly, 
oxygen vacancies facilitate the electron transfer to the adsorbed HCO3

− and CO3
2− 

intermediates on ZnO surface initiating its reduction process [71]. For example, Liu 
et al. [70] investigated the photoreduction of CO2 by ZnO microspheres, microflow-
ers, and nanorods. As they possessed different ratios of [0001] facet that was deter-
mined to be highly favorable for the formation of oxygen vacancies, it was revealed 
that the higher its presence in ZnO, the more efficient is the photocatalytic reaction 
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and the higher its selectivity. In turn, continuously increased presence of VO cannot 
always guarantee enhanced performance in parallel as these defects have certain 
optimized concentration beyond which they begin to act as recombination centers, 
and thus the efficiency of CO2 photoreduction would show sharp drop.

6.2.5.5  Antibacterial and Antimicrobial Applications

Among various inorganic antimicrobial materials, ZnO attracted greatest attention 
as it provides good thermal stability, marked antimicrobial activity, environmentally 
friendliness, and low cost. A general view point about ZnO is that it becomes easily 
internalized with the cells via electrostatic interaction and promotes the appearance 
of sufficient amount of various reactive oxygen species (ROS) which formation 
mechanism, in fact, has a lot of resemblance to that realized during degradation of 
dye, and thus interest readers are suggested to address Chap. 1 of this book for more 
details. Nevertheless, continuing this discussion, it was of general acceptance that 
surface defects such as oxygen vacancies play a vital role in their generation, in the 
presence as well as in the absence of light. The more the oxygen vacancies, the more 
the ROS species generated and the better the antibacterial activity of ZnO.

It was also sometimes reported that antibacterial and anticancer activities of ZnO 
nanoparticles might be explained by the release of Zn2+ ions due to dissolution that 
might in relative terms be associated with formation of zinc vacancies. This mecha-
nism deserved much less attention in literature compared with that where VO is 
used. As for more details, Zn2+ ions usually penetrate into the cells and break cel-
lular components such as DNA and proteins and hence cause cell death. Various 
parameters including pH of aqueous solution, its temperature, chemical composi-
tion of catalyst, and concentration/biological nature of target organic matter critical 
can influence the rate of Zn2+ released.

6.2.5.6  Other Applications

Apart from the above-mentioned well-known photocatalytic reactions where defec-
tive ZnO can be applied, it also can be used successfully in other less-studied but 
nevertheless also highly important light-induced processes.

 (a) Photocatalytic Depolymerization of Sodium Lignosulfonate. Xu et  al. [72] 
(Fig. 6.7) investigated Ni-doped ZnO filled with oxygen vacancies and deter-
mined that their presence improves separation efficiency of photogenerated 
charge carriers to some extent and also enhances the absorption characteristics. 
Following it, they greatly assisted in enhancing the decomposing rate of sodium 
lignosulfonate into CO2 and H2O under simulated solar light.

 (b) Photocatalytic Reduction of Cr (VI). According to Pan et al. [73], introduction 
of oxygen vacancies into ZnO via its coupling with reduced graphene oxide 
resulted in activation of capability to reduce Cr (VI) under visible light. In turn, 
fully stoichiometric ZnO could realize this process using only UV light irradia-
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tion. It was proposed that the presence of VO led to appearance of additional 
defect states located close to valence band thus causing narrowing band gap, 
increase in overall absorption in parallel, and appearance of higher number of 
available electron-hole pairs that can participate in reaction with absorb metal 
molecules.

6.2.5.7  Current Challenges and Future Perspectives

Application of defective ZnO filled with oxygen or zinc vacancies in photocatalytic 
processing has achieved great advancement in recent years as demonstrated effi-
ciency becomes one of the highest reported in literature in comparison with other 
related compositions. It was determined that the presence of these defects resulted 
in great advancement of various characteristics and features including optical, struc-
tural, electrical, and electronic properties. Yet, current achievements are still far 
from expected, and very long and hard pathway is still laid ahead that is necessary 
to overcome for making ZnO-based photocatalyst a widely available technology 
that is presented in each household. Summarizing the above, the following problems 
need to be solved. Firstly, it is still hard to control the introduction of defects into 
ZnO in very precise and accurate terms. For example, there are a lot of reports men-
tioning that concentration of oxygen vacancies could increase or decrease following 
the conditions of treatment or synthesis; yet the exact quantity of these changes in 
absolute values or units often cannot be accessed, and it is only demonstrated in 
qualitative manner as comparison to some dedicated standard sample which, in fact, 
is different in each study. Thus, it might be not easy to apply these results to ZnO 
materials prepared via other than reported approaches as they might have slightly 
different compositions and structure. Secondly, visible light photoactivity still 
appeared to be a challenge as the presence of defects cannot guarantee its appear-
ance for certain. Thirdly, in analogy to TiO2, it is important that more efficient fab-
rication processing or treatment protocol to create defective compositions would be 
developed. Currently, available approaches have a lot of limitations which prevent 
their wide application. For example, thermal treatment in vacuum apart from creat-
ing VO also can strengthen the crystallinity of ZnO structure which can lower the 
impact of these defects and lead to reduced performance. Furthermore, utilization of 
high temperature also might influence other characteristics of this material. Fourthly, 
and the most importantly, efficiency of photocatalytic processing is still appearing 
to be the main problem, and additional efforts are necessary to extend it further.

6.3  Final Remarks About Defective ZnO

ZnO filled with oxygen and zinc vacancies has attracted extensive interest in recent 
years, and various approaches were applied to deeply understand its characteristics 
and related features as introduction of these defects is determined to cause specific 
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structural and chemical modifications leading to crucial changes in its electronic 
configuration, transport characteristics of charge carriers, optical absorbance, 
appearance of ferromagnetic response, etc. Yet, despite appearance of many in- 
depth reports dedicated to the investigation of defective ZnO, some controversies 
still exist which provide certain difficulties for full and unconditional realization of 
accumulated knowledge. Firstly, it is highly challengeable to compare the results of 
theoretical and experimental studies as each of them demonstrates absolutely oppo-
site outcome regarding the influence of oxygen and zinc vacancies on electrical 
properties and electronic structure of defective ZnO. DFT simulations determine 
that these defects cannot by any chance be a source of either n- or p-type conductiv-
ity, respectively. In turn, real-time observations via application of most advanced 
analyzing protocols strongly disagree with it as they discovered that oxygen and 
zinc deficiencies indeed contribute to them significantly. Secondly, it is noted that 
ZnO has two major defects, namely, VO and VZn, and their existence is highly 
unavoidable as they have the lowest formation energies among other related defects. 
Yet, it is unclear which one has more prominent influence on the properties and 
characteristics of ZnO in terms of its application as photocatalysis since the major-
ity of reports available in the literature are dedicated to oxygen-deficiency, and 
investigation of ZnO filled with zinc vacancies with regard to its synthesis, proper-
ties, and consequent application has been presented in much less extent [9]. For 
example, ZnO filled with various concentration and types of zinc vacancies can be 
tested for CO2 conversion as these defects might play the role of active sites, similar 
to that of VO, to adsorb and optimize its molecules.

Fig. 6.7 (a) UV-vis diffuse reflection spectra of ZnO doped with different amount of N2+ and (b) 
photocatalytic depolymerization of sodium lignosulfonate under simulated solar light. The number 
in front of ZnO represents mass fraction of Ni2+ doping. As can be seen, 3ZnO shows the best opti-
cal characteristics and best performance. (c) XPS O1s spectra of 3ZnO and 0ZnO. As can be seen, 
doping with Ni2+ results in highly increased presence of VO. (Reprinted from Ref. [72]. With per-
mission from Elsevier. Copyright 2020)
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Overall, there is a strongly belief that defective ZnO due to its unique electrical, 
optical, magnetic, etc. properties is highly promising materials that might be con-
sidered as a future candidate for wide application in various photocatalytic based 
devices. Yet, more efforts expressed in further deepening of the existed theoretical 
and experiment directions are necessary to broaden the current knowledge of the 
nature and behavior of O- and Zn-based defects in ZnO and to extend present under-
standing toward more efficient realization of accessible light-activated devices.
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Chapter 7
Case Study III: Defect Engineering 
of Ta2O5, Ta3N5, and TaON

7.1  Ta2O5, Ta3N5, and TaON: Fundamentals

Ta2O5 (Tantalum Pentoxide) It is generally accepted that Ta2O5 has two main 
polymorphs which are determined as high-temperature (HT) and low-temperature 
(LT) configuration. Transitions between them usually occurred at ~1360 °C. Thus, 
for the technological purposes, the LT configuration is more practically applicable 
as it can be available at ambient environment and conditions. It existed mainly as 
orthorhombic crystal structure which is considered to be the most stable constitu-
tion even though other phases such as tetragonal, monoclinic, triclinic, and hexago-
nal along with several high-pressures formations are also identified. Overall, the 
composition of Ta2O5 is ascribed as a network of octahedral (TaO6), pentagonal 
bipyramidal (TaO7), and hexagonal pyramid (TaO8) polyhedra which rearrangement 
and adaptation such as introduction of certain distortion, appearance of edge- and 
corner-sharing, joined existence, etc. defines the exact type of Ta2O5 structure [1]. In 
turn, fabrication of Ta2O5 in the form of single crystal is technically difficult, and 
thereby, it mostly exists as polycrystalline or amorphous compound. The length of 
orthorhombic Ta-O bond was experimentally measured to be ~0.15 nm [2], while 
theoretical simulation predicated that this value is equaled to ~0.2 nm [1]. As for the 
optical properties, Ta2O5 cannot absorb visible light due to wide band gap ranging 
from ~3.8 to ~5.3 eV [3], and thus, it is often represented as white powder similar 
to that of TiO2. Nevertheless, Ta2O5 has good chemical stability, n-type conductivity, 
and very high dielectric constant and enables to demonstrate efficient photocatalytic 
activity under UV light especially for water splitting given its suitable positions of 
its valence and conduction bands with respect to both hydrogen and oxygen evolu-
tion potentials.

Tantalum Nitride (Ta3N5) Tantalum nitride is an n-type semiconductor and has an 
orthorhombic structure with space group Cmcm. It is composed of edge-sharing 
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irregular TaN6 octahedra where each Ta atom is coordinated by two N (which is 
threefold coordinated) and four N (which is fourfold coordinated) atoms with Ta-N 
bond lengths ranging from 2.00 to 2.23 Å [4] (Fig. 7.1a). Due to absorption edge 
located at ~600 nm, Ta3N5 is sensitive to the visible light, and it is attributed to elec-
tron transitions from the N 2p orbitals that is located higher compared with O 2p 
orbital in Ta2O5 with regard to its distance from empty Ta 5d orbitals. Thus, direct 
band gap and indirect band gap are determined to be ~2.0 and ~2.1 eV, respectively, 
and as a result, Ta3N5 usually appears as red-colored compound. It is technically 
impossible to obtain this material as absolutely pure and in full stoichiometry since 
oxygen often is presented in its structure in the form of impurity that substitutes 
nitrogen often resulting in formation of reducing metallic states in its surface or in 
the bulk. It is generally disputing whether it has a positive or negative impact on its 
characteristics as controversial reports are available in literature [5, 6]. Apart from 
it, formation of Ta3N5 also can be accompanied by co-existence of other related 
nitride phases presented in the form of TaxNy such as Ta5N6 or Ta2N [7]. Thus, pre-
cise chemical composition of Ta3N5 and accompanied geometrical and electronic 
structures might be not easy to generalize as it is fully depended on the fabrication 
method and conditions of consequent post-treatment or storage. Nevertheless, Ta3N5 
is considered to be a very attractive candidate for photocatalysis as it is a non-toxic 
compound and has high dialectic constant and suitable position of band gap edges 
that perfectly match, for example, the potential of photocatalytic water splitting.

Tantalum Oxynitride (TaON) Tantalum oxynitride is available in several poly-
morphs among which the most thermodynamically stable is identified to be β-phase. 
It is existing in the form of well-known monoclinic baddeleyite-type structure 
which is composed of edge-sharing irregular TaO3N4 polyhedra where each Ta atom 
is coordinated to three O (which threefold coordinated) and four N (which is four-
fold coordinated) atoms. Consequently, Ta-O and Ta-N bond lengths were identified 
to be ranging from 2.03 to 2.15  Å and from 2.06 to 2.13  Å, respectively [4] 

Fig. 7.1 XRD patterns and 
crystal structures of (a) 
Ta3N5 and (b) TaON. Color 
legend: Ta in gray, O in 
red, and N in blue. 
(Reprinted from Ref. [4] 
with permission from 
Elsevier. Copyright 2015)
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(Fig. 7.1b). TaON has bright yellow color due to optical band gap of ∼2.6 eV that 
allows to absorb certain portion of visible light [8]. Furthermore, compared with 
Ta3N5, this material has optical anisotropy which means that positioning of absorp-
tion edge follows the polarization of light along defined crystal axes [4]. Another 
two polymorphs of TaON are determined to be metastable, and their synthesis is 
less reported as it requires complex procedure, and the obtained compound often 
might not represent required purity. One of them is considered to be γ-TaON that 
was firstly discovered by Schilling et al. in 2007 [9]. It has light brown color (optical 
band gap of ∼2.15 eV), and its composition is similar to VO2(B) in the monoclinic 
crystal system due to structure composed of Ta(ON)6. It also has an ordered distri-
bution of oxygen and nitrogen similar to that found in β-TaON. Another metastable 
polymorph is referred as δ-phase which structure was identified to have anatase- 
type form (due to high resemblance to TiO2), and it is crystallized in the tetragonal 
crystal system. Theoretical simulation is determined that its thermodynamic stabil-
ity is very similar to that of γ-type with difference equaled only to 0.07 eV [8]. The 
band gap of δ-TaON was measured to be ~2.37 eV [10]. Apart from existence of 
different phases, compositions of TaON also are highly sensitive to the proportion 
of nitrogen to oxygen content. Simply to say, as electronegativity and polarizability 
of former element is lower than that of the latter one, thus, dominated and increased 
presence of Ta-N bonds over that of Ta-O increases the overall charge of TaON 
resulting in narrower band gap, increased refractive index, and better optical trans-
parency [11]. Yet too much nitrogen might lead to its transformation into Ta3N5. It 
is necessary to notice that this phenomenon should not be confused with situation 
when absence of Ta-N bond in TaON is defined as presence of nitrogen vacancies 
since in this case oxygen atoms take another role and absolutely different processes 
and perturbations within geometrical and electronic structures should be consid-
ered. It is discussed below in detail. In the end, one should mention that TaON is an 
n-type semiconductor and has great chemical stability in various aggressive envi-
ronments including reactive aqueous media, and due to the fact that edges of its 
band gap greatly match with potentials of reduction and oxidation potentials of 
some specific photocatalytic reactions, such as water splitting, this material recently 
deserved an increased attention.

7.2  Intrinsic Defects in Ta2O5, Ta3N5, and TaON

7.2.1  Introduction

Despite great perspectives of Ta-based materials as photocatalysts for certain reac-
tions since they possess various attractive features and particularities, there still 
remain questions about their efficiencies since certain limitations are existed regard-
ing them. For example, Ta3N5 suffers from high recombination rate of charge careers 
which restrict their transportation to surface thus greatly reducing the productivity 
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of both oxidation and reduction reactions. Another problem of this material is 
referred to its extreme overpotential which means that much higher voltage is 
required to initiate redox potentials than it is determined thermodynamically. As a 
result, even though theoretically it was predicted that this material enables to reach 
the efficiency of 15.9% for photoelectrochemical water splitting, practically, the 
value of around 2.72% has been achieved so far [12]. In turn, absorption edges of 
TaON and especially Ta2O5 still cannot satisfy the most optimal requirement toward 
reaching the best quantum efficiency, and it is necessary to be extended further as to 
fully realize solar spectrum. Apart from other techniques applied widely to solve 
these problems such as combining with other semiconductors or depositing noble 
metals, self-doping with various intrinsic defects can be considered as one of the 
most attractive alternatives to them. To be clear, manageable introduction of certain 
imperfections within crystal lattice of Ta-based materials followed by precise and 
defined control over their existences through accurate adjustment of type, concen-
tration, and distribution can be used to regulate various important features including 
width of the band gap, introduction of additional energy levels, etc. which can lead 
to not only increase mobility, lifetimes, and transportation characteristics of charge 
carriers but also to advance other related properties.

Following it, one can say that non-stoichiometric Ta-based materials have a great 
potential to be used in solar light-based devices. Yet, as their photocatalytic applica-
bility was discovered recently, deep and profound understanding of their defect 
engineering is still very far from full and complete awareness and definitely cannot 
be compared with that of other well-known materials such as, for example, TiO2 and 
ZnO discussed in previous chapters. Thus, the source of defined and solid knowl-
edge is required to push further the progress in this direction.

7.2.2  Defects in Oxide, Nitrides, and Oxynitrides: What 
Is Difference

7.2.2.1  Brief Overview

Tantalum Pentoxide (Ta2O5) and Tantalum Nitride (Ta3N5) Large percentage of 
experimental studies presented in literature regarding the introduction of various 
defects into binary compounds such as Ta2O5 and Ta3N5 are almost fully dedicated to 
discussion and identification of their non-metallic vacancies as their formation and 
proper adjustment of related characteristics as well as consequent detection and anal-
ysis of their existences can be easily realized using commonly applied processing, 
protocols, and instrumentations. To be clear, it is often the case that vacancies among 
other defects have the lowest formation energy and their appearances are the most 
probable and recognizable. Furthermore, realization of O- or N-deficient compounds 
can be achieved much easier and readily through playing with conditions of synthesis 
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or post-synthesis treatment, for example, simply by changing the ratios of used pre-
cursors or via reducing the presence of nitrogen or oxygen in the surrounding envi-
ronment, respectively. At the same time, it would be incorrect to say that availability 
of other defects such as interstitials or antisites can be fully ignored in Ta2O5 and 
Ta3N5 as, in fact, their formation often is considered as accompanies to that of vacan-
cies or even regarded as to be the dominated type of defects in some cases. Thus, they 
enable to make very evident contribution or to be the only and sole initiators of 
observed and detected changes in the electronic, electrical, and optical characteristics 
of these materials. For instance, they also can cause the development of relevant 
energy levels within the band gap or initiate structural modifications and adjustment 
of crystal lattice. Thus, they deserve to be discussed as well. In turn, one should 
notice that O- or N-rich compositions in Ta2O5 and Ta3N5, respectively, also can be 
formed as well due to escape of Ta atoms and appearance of relevant vacancies; yet 
their presence is energetically unfavorable and, also practically to be less attractive as 
they reduce the level of metallization leading to increase of resistivity, poorer charge 
transport that correlates with worsening photocatalytic characteristics.

Tantalum Oxynitride (TaON) As for TaON, its ternary system and appearance of 
defects are different for that of binary Ta2O5 and Ta3N5 mentioned above. Surely, it 
could be attributed to the simultaneous presence of N and O, as their interaction 
cannot be limited only by the formation of vacancies alone and results in develop-
ment of other forms of defects. For example, it is possible with certain level of easi-
ness to make substitution of nitrogen atoms with that of oxygen atom and vice versa 
especially given their only slight differences in atomic radii. In addition, instead of 
comparing the content of each N or O with respect to Ta, direct adjustment of N/O 
ratio can be proceeded thus making visualization of their localized distribution to be 
more feasible. Yet, despite such a bright perspective, processing of defects in TaON 
given its chemical composition is a complex phenomenon, and it requires detailed 
access and proper understanding. For example, its non-stoichiometry is supposed to 
be always identified as N-deficient since the opposite trend, namely, lowering the 
existence of oxygen and increasing the presence of nitrogen in it might lead to 
appearance of localized Ta3N5 phases.

Overall, detailed description regarding proper application of defect engineering 
principles to Ta-based materials is provided below. It has to be noticed that discussion 
and consideration of N substitution to that of O atoms occurred during nitridization 
process when oxide is transformed into nitride or oxynitride following thermally acti-
vated reaction is avoided here as this process is referred rather to the synthesis proce-
dure and cannot be specified as intentional introduction of substitutional (antisites) 
defects. In addition, existence of oxygen in Ta3N5 which cannot be avoided and thus 
is determined to be an unintentional impurity (for analogy, reader can consider pres-
ence of hidden hydrogen in ZnO) would be discussed below only at the minimum 
level when necessary as only to provide brief overview since its presence is classified 
not as a part of intrinsic but rather extrinsic deficiency discussed in later chapters.
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7.2.2.2  Defects in Ta2O5

Defect chemistry of crystalline Ta2O5 is usually limited by the discussion of VO as 
oxygen in this compound has a high degree of volatility, and thus formation of this 
type of defects is considered to be the most favorable among others. Yet, its complex 
geometrical and electronic structures might not be easy to access as there exist cer-
tain difficulties toward its correct description and identification via both experimen-
tal and theoretical approaches. Overall, the following particularities are determined 
regarding them. Firstly, classification of VO is proceeded in terms of their position-
ing in the crystal lattice, whether they occupy basal planes, which might represent 
either TaO5 and TaO6 depending on the original configuration or sitting between 
them. In the former configuration, the defects are called to be “in-plane,” while in 
the latter they are determined as “cap” formations [13] (Fig. 7.2a). For simplicity, 
these identifications are used latter in text. It has to be noticed that within both resi-
dences, VO also can take different positioning depending on the type and number of 
basal planes, type of coordination and other related parameters. Secondly, as the O 
atom at cap and in-plane sites share two and three polyhedra, consequently, lattice 
relaxation due to formation of vacancy is strikingly long ranged for the former one, 
and it is consequently shorter for the latter one [14]. Thirdly, considering the bulk 
model, formation energy of in-plane VO is lower than that of the cap VO which rep-
resents that they have higher stability [15]. In turn, for the surface-based defects, it 

Fig. 7.2 (a) Schematic of the Ta2O5 structure used in the present calculation, with the rectangle 
highlighting the unit cell. Also shown are perspective views of the TaO7 (top, right) and TaO6 (bot-
tom, right) building blocks, with the in-plane and cap site O locations explicitly identified. The 
four symmetry-inequivalent atoms are labeled within the unit cell, with labels 1 and 2 denoting cap 
sites and labels 3 and 4 denoting in-plane sites. Relative total energy Erel (D, q) of (b) the in-plane 
vacancy with site label 4 and (c) the cap type vacancy with site label 1, as a function of the local 
Fermi energy, where q denotes the charge state of the vacancy (q is +2; +1; 0; −1; −2). (Reprinted 
from Ref. [13] with permission from AIP Publishing. Copyright 2003)
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is vice versa [16]. Fourthly, for a wide range of Fermi levels or chemical potentials, 
the neutral and +2 charged states of the in-plane type vacancy and the +2 charged 
state of the cap type vacancy are found to be most stable, while +1 charge state is 
identified to be metastable formation for both types [13]. Thus, oxygen vacancies in 
Ta2O5 are determined as negative U center, similar to TiO2 and ZnO. Fifthly, follow-
ing it, the oxygen vacancies resided within in-plane positions are generally consid-
ered to enable the appearance of deep mid-gap occupied and shallow unoccupied 
states depending on their geometrical particularities and positioning of Fermi level 
with respect to both bands, while cap VO is identified to be the source of only shal-
low occupied levels [13, 15, 17]. Sixthly, the localization of (+2/0) transition level is 
clearly influenced by the type of VO. For the in-plane and cap configurations, it was 
discovered to be located ~1.9 and ~3.5 eV from valence band, respectively, taking 
the band gap of Ta2O5 as ~4 eV [13] (Fig. 7.2b, c). This transition level means that 
below or above it, the total energies of vacancies with +2 or neutral charge states are 
dominated in Ta2O5 which clearly can be defined as their monopolized presence. 
Definitely, other positions of a (+2/0) transition level were also identified in litera-
tures, which, however, have the same tendency with respect to the type of oxygen 
vacancy and are also mostly laid in the upper part of band gap or close to the con-
duction band [15, 18]. Seventhly, each oxygen vacancy results in formation of dan-
gling bonds that in turn leads to appearance of additional multilevel electronic states 
in the band gap.

It has to be noticed that apart from presence of oxygen vacancies, existence of 
other defects in Ta2O5 was also verified; yet the available information regarding 
them is very limited. For example, Perevalov et  al. [19] applied density func-
tional theory (DFT) to investigate atomic and electronic structures of interstitial 
Ta and O as well as Ta atoms substituting O. It was revealed that these defects 
enable to trap both electrons and holes thus contributing to increase of overall 
conductivity. Furthermore, comparing their formation energies with that of VO, it 
was also discovered that the latter type of defect under specifically determined 
O-rich or O-poor conditions cannot be considered as the most favorable forma-
tion in Ta2O5, and this role can be transferred to interstitial oxygen or tantalum, 
respectively [19, 20].

7.2.2.3  Defects in Ta3N5

Making the parallel with mentioned above Ta2O5, nitrogen vacancy is considered 
to be the most recognized, accessible, and investigated type of defect in Ta3N5 
given simplicity of their introduction, consequent manipulation, precise and accu-
rate detections, and analysis. It is existed in the form of threefold and fourfold 
geometry among which the latter one has lower formation energy with the posi-
tioning of Fermi level located in the upper part of band gap (n-type conditions) 
[21]. Overall, nitrogen vacancies can exist in several charge states among which +2 
is considered to be thermodynamically unstable, while that of neutral, +1 and +3 
with certain restrictions enable to preserve their existence in Ta3N5. Their 
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appearances and dominance with regard to each other are determined by exact and 
concrete localization of Fermi level [22]. Based on this, the following observation 
can be made: (0/+1) transition level locates closest to the conduction band which 
determines its shallow nature, while presence of other transitions can be identified 
to be deeper into band gap, i.e., (+1/+2) and (+2/+3), or even out of it, i.e., within 
the conduction band, i.e., (+1/+3) [23]. Geometrical composition of nitrogen 
vacancies is defined by their structural particularities, i.e., threefold configuration 
causes the relaxation of surrounded Ta by about ~1.7% which is sufficiently larger 
compared to fourfold configuration where this motion is equaled to only ~0.22% 
[22]. Stampfl and Freeman [24] revealed that appearance of VN in low concentra-
tion is considered to be a thermodynamically unstable configuration, while their 
larger presence is more favorable for whole range of nitrogen chemical potential. 
Finally, it has to be noticed that formation of VN is supposed to be accompanied by 
the development of reduced Ta species (Ta3+ or Ta4+) that might serve as compensa-
tion centers to maintain the charge balance. These defects are considered to be 
deep rather than shallow donors as they create energy states located at sufficient 
distance from the conduction band.

Apart from nitrogen vacancies, other defects such as Ta vacancy (VTa), inter-
stitial N (Ni), interstitial Ta (Tai), and antisites ascribed as Ta atom occupying an 
N lattice site (Tan) or vice versa (NTa) are also detected to exist in Ta3N5 even 
though they deserve much less attention, and thus knowledge about them is very 
limited as it is mostly provided by theoretical studies, while experimental evi-
dence of their presence is still a rare phenomenon. For example, Jing et al. [22] 
used spin-polarized DFT calculations to access various defects in Ta3N5 in terms 
of their geometrical and electronic compositions. Particularly, it was determined 
that Ni can only show stability if only it is presented in the form of +1 and −1 
charge states which transition level was identified to locate at 0.58 eV above the 
valence band maximum (VBM). It indicates that this defect can demonstrate 
both donor- and acceptor-like characteristics, i.e., enable to donate electrons to 
conduction band and also undertake them from valence band, respectively. In 
turn, thermodynamically accessible formation of interstitial Ta in terms of its 
charge state was revealed to be fully dependent on the position of Fermi level, 
and in fact it is very similar to VN. The existence of the following transition lev-
els along with their distances from conduction band minimum (CBM) was cal-
culated: (1/+2) at 0.05 eV, (+2/+3) at 0.55 eV, (+3/+4) at 0.67 eV, and (+4/+5) at 
1.11 eV [22]. As for the appearance of Ta vacancies, their presence results in 
reduce number of available density of states around Fermi level and consequent 
increase in the universal resistivity as these defects release holes that might 
recombine with electrons [24]. Overall, it has to be noticed that the presence of 
these defects (except VN and reduced Ta species) was calculated to be a very rare 
phenomenon in n-type Ta3N5 given their exceptionally high formation energy 
which makes them thermodynamically unfavorable species [22]. Thus, they are 
very seldom used to improve and extend certain characteristics and features of 
this material.
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7.2.2.4  Defects in TaON

Even though there is a clear resemblance of TaON to the mentioned above Ta2O5 
and Ta3N5 and one may expect that similar to them anion-like defects such as O and 
N vacancies plays crucial role in determining its non-stoichiometric compositions, 
in reality, it is only half-true as other defects are considered to be dominated over 
them. Particularly, Chen et al. [25] determined that appearance of ON antisites deter-
mined as oxygen resided in nitrogen positions is highly favorable in Ta3N5 due to its 
extremely low formation energy, and its presence determines the intrinsic n-type 
conductivity of TaON since it leads to development of shallow donor level located 
close to conduction band. Calculation via hybrid functional revealed that due to 
relatively similar atomic radii of both elements, thus substitution of an N atom by 
an O atom results in smaller chemical bonding and size change compared with sub-
stitution of N or O atoms by an empty spot [25] which is energetically more favor-
able. In addition, it was also determined that energy of barrier exchange which 
makes the diffusion of atoms possible is lower for ON compared with that of NO 
antisites that are ascribed as nitrogen resided in oxygen position [21]. Finally, it is 
also necessary to consider the strength of Ta-N bond which is weaker compared 
with that of Ta-O [25]. Thus, TaON has higher preferability and tendency toward 
nitrogen deficiency in contrast with that of its oxygen analogy. Yet, NO cannot be 
fully ignored as under specific chemical potential, with Fermi level approaching 
CBM, the formation of NO becomes spontaneous, and it is thermodynamically more 
accessible than that of ON. Given the acceptor-like characteristics of this defect, its 
presence would lead to lowering the concentration of available active charge carri-
ers thus limiting the original n-type conductivity [21].

Furthermore, occurrence of anion vacancies in TaON also should not be over-
looked, as, in fact, they serve a crucial role in initiating, stabilizing, and extending 
the existence and lifetimes of both types of antisite defects. To be clear, formation 
of ON or NO is only possible when atoms of one element reside in an empty site of 
another element which represents that vacancy of the latter one for the best should 
be formed ahead. In turn, when this exchange happened, there also appeared an 
unoccupied site as atoms in order to reside somewhere else are supposed to abandon 
its original position leaving it empty. Thus, it would be accurate to say that, during 
formation of these defects, the following phenomena occurred: firstly, there is a 
switch between type of vacancies and, secondly, the presence of antisites cannot be 
considered as independent event, and instead the appearance of NO/VN and ON/VO 
pairs should be identified in TaON. Yet, one should be aware that concentration of 
VO would always be lower than that of VN as TaON tends to become more a nitrogen- 
deficient rather than oxygen-deficient compound (unless the structure is directed 
toward conversion into Ta3N5 and in this case stoichiometry of N should be over 1 
and definitely higher than that of O), and thus identification of VO due to oxygen 
atom escaped to VN is very challenging as it is shadowed by the formation of 
ON. Furthermore, it is also necessary to consider the variations in the charge states 
of vacancies as it has a certain influence on the concrete appearance and detection 
of ON or NO. For example, Bown and Page [21] revealed that VN with neutral and +1 
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charge states is endothermic, while VN with +2 and +3 charge states is determined 
to be spontaneous species which make them to have higher suitability toward serv-
ing as a source of respective antisites. As for the development of NO, it was observed 
that increasing VO charge state leads to the rise of their formation energies which, in 
turn, negatively influence the diffusion of N atoms into them.

7.2.3  How to Create Defects

7.2.3.1  Ta2O5

Synthesis Protocol Given volatility of oxygen, fabrication of Ta2O5 filled with VO 
can be easily realized via various fabrication procedure simply by applying defined 
non-equilibrium conditions that favor the release of O atoms. Firstly, it is mostly 
proceeded in the form of chemical-based methods given their simplicity, cost- 
effectiveness, and other related advantages allowing to play with natures of certain 
precursors as well as their particularities such as concentrations, ratios, etc. 
Furthermore, along with formation of deficient structure, it is also possible to 
 specify its morphology thus providing higher flexibility in reaching the required 
composition. For example, Fu et al. [26] reported that implementation of solvo-
thermal process under 220 °C for 24 h using tantalum ethoxide (Ta(C2H5O)2) as 
starting materials enables to fabricate Ta2O5 filled with oxygen vacancies. In turn, 
Zhang et al. [27] demonstrated that mesoporous ultrafine VO-Ta2O5 nanoparticles 
with diameter of ~8 nm could be also realized by similar approach and using the 
same chemical as in Ref. [26] for serving the role of main precursor; yet treatment 
temperature should be set at 250 °C. Secondly, another method which is widely 
used to reach the goal of producing defective Ta2O5 is vapor synthesis approach. It 
provides high flexibility and precise accuracy in adjusting the parameters of depo-
sitions by changing, for example, temperature inside reaction chamber, pressure of 
utilized compounds, or other related parameters. Thus, defined chemical composi-
tion can be achieved. As an illustration, Skaja et al. [28] applied sputtering deposi-
tion to prepare Ta2O5-x thin film and discovered that increasing power density along 
with decreasing the oxygen partial pressure resulted in higher presence of VO. It 
has to be noticed that similar to chemical-based synthesis, vapor-related methods 
also enable to create defective structures with various dimensions and morpholo-
gies. Particularly, Devan et  al. [29] used filament metal-oxide vapor deposition 
technique to prepare one-dimensional Ta2O5 nanorods array filled with certain 
types of defects including oxygen vacancies.

Post-synthesis Protocol There exist several methods to introduce defects into 
already synthesized Ta2O5 via additional post-synthesis treatment procedure. Firstly, 
given the chemical compositions of Ta2O5, it is obvious that thermal annealing in 
oxygen-deficient environment or using various reducing agents would greatly assist 
in proper and controlled introduction of VO. Notably, the former strategy was suc-
cessfully realized by Liu et al. [16] who used annealing in vacuum at 850 °C to 
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transform Ta2O5 prepared via sol-gel method using TaCl5 into oxygen-deficient and 
highly disordered compound compared with that treated in air at the same condi-
tions. The applicability of the latter strategy in slightly modified form was also 
demonstrated by Zhu et  al. [30] where Al was used as reducing agents to reach 
designated non-stoichiometry. Much like any other binary oxide materials, the 
higher the temperature of reduction, the more the VO produced. Yet, one should 
become aware that resulted changes in the chemical composition are usually limited 
only by the surface layer up to the depth of only several nanometers and thus might 
not be suitable for the bulk modifications. In addition, prolonged and extended 
release of oxygen can result in appearance of Ta-based suboxides such as TaO3, 
Ta2O3, or TaO; thus parameters of reduction processing are required to be accessed 
with extreme caution. Secondly, plasma treatment also has been reported in litera-
ture as an efficient approach to achieve required changes in the presence of defects 
with very certain degree of accuracy. For instance, Chen et al. [31] revealed that 
application of Nd:YAG-supported laser plasma enables to induce formation of oxy-
gen vacancies within Ta2O5 surface which degree was correlated through the appear-
ance of shock waves.

7.2.3.2  TaN5

Synthesis Protocol Following the mentioned above Ta2O5, it is much easier to pre-
pare Ta3N5 filled with N vacancies rather than any other defects (O impurities are 
excluded from consideration) which is explained by lower energies required to 
release the nitrogen atoms from the surface and simplicity of introducing required 
conditions and methodologies to realize this step. The following approaches are 
commonly applied. Firstly, thermally activated nitridation of Ta2O5 or other 
Ta-oxide-based compound in dry or wet ammonia is a popular method to produce 
Ta3N5 with nitrogen deficiency. Its level can be easily tuned by conditions of this 
processing such as the temperature and duration, pressure of gaseous ambient, its 
quality or particularities of Ta-based compounds used as precursors through adjust-
ing its morphological features, chemical composition, etc. For instance, Wang et al. 
[7] demonstrated that preliminary applied thermal treatment of Ta2O5 tube layers 
under reducing atmosphere (Ar/H2) led to development of suboxide domain close to 
the substrate. Further annealing in ammonia for 950 °C resulted in converting this 
structure into subnitride (Ta2N/Ta5N6)-containing Ta3N5 tubes which possessed rela-
tively similar morphology compared with non-treated sample (Fig.  7.3). In turn, 
Pinaud et al. [32] investigated how the type of starting materials influences the qual-
ity of Ta3N5 via oxidation and consequent nitridation process at 850–1000 °C and 
revealed that application of Ta foil instead of Ta film deposited on fused silica 
caused the appearance of Ta-rich structure. Secondly, analogous to Ta2O5, deficient 
Ta3N5 also can be obtained via vapor phase synthesis approaches that enables very 
precise control not only over its chemical composition but also allow to manage 
various structural and morphological features such as film thickness and its quality 
including roughness, appearance of pin holes, etc. Particularly, Hajibabaei et  al. 
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[33] demonstrated fabrication of Ta3N5 film filled with nitrogen vacancies and 
reduced Ta sites via atomic layer deposition using TaCl5 and ammonia as precur-
sors. One should notice that the temperature inside reaction chamber was set to be 
550 °C which is relatively high for the ALD processing and might not be suitable 
for some specific substrates, and this appeared to be a serious drawback. Even 
though the lower deposition temperature can be applied using different precursor, it 
is not clear whether it facilitates the formation of structural defects in desirable 
range or in a form of uncontrollable internal species. Thirdly, thermal nitridation 
process using NH4Cl and Ta metal can be considered as an attractive alternative to 
the ammonia-supported approach as it requires much softer conditions of treatment 
and application of more accessible chemicals. As it was evidenced by Xiang et al. 
[34], its utilization leads to appearance of nitrogen-deficient interlayers randomly 
distributed within the stoichiometric Ta3N5.

Fig. 7.3 Schematic illustration of the synthesis process for Ta2O5 NTs and Ta3N5 nanotubes (NTs) 
and accompanied SEM cross-sectional images of as-formed Ta2O5 NTs, Ta2O5 NTs in Ar/H2, Ta3N5 
NTs, and Ta3N5 NTs in Ar/H2. (Adapted from Ref. [7] with permission from John Wiley and Sons. 
Copyright 2016)
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Post-synthesis Protocol Compared with various binary oxide materials including 
Ta2O5 or TiO2, where introduction of anion defects such as VO can be reached via 
annealing in reducing atmosphere, for the nitrogen-based compounds it is more 
challenging to create conditions that favor the release of atoms from its surface. In 
fact, to the best of my knowledge, there is no available reports up to date where 
formation for N-deficient Ta3N5 was achieved during its consequent post-synthesis 
treatment. Following it, one might consider that the most practical method to obtain 
the desired non-stoichiometric composition of this material is to regulate the condi-
tions and parameters of its synthesis as currently it is the only available and practi-
cally realizable option.

7.2.3.3  TaON

Synthesis Protocol Formation of deficient TaON filled with O atoms resided in 
empty sites of N atoms despite its ternary composition has a lot of similarity to that 
of Ta3N5 as almost identical processing and methods are applied to implement the 
desired changes in their both stoichiometries. Firstly, thermally activated nitridation 
of Ta2O5 or Ta-base materials in ammonia is widely utilized. To be clear, for obtain-
ing TaON, but not Ta3N5, the conditions of this treatment should satisfy the follow-
ing requirements: lower temperature (<850  °C), shorter treatment (<10  h), and 
reduced NH3 gas flow (<20 mL min−1) [35]. Surely, precise parameters are fully 
dependent on specific and individual criterion of defined processing. For example, 
one should be aware that obtained structure is required to show absence of Ta-oxide 
traces (conditions of treatment cannot be too soft) and at the same time to be free 
from any traces of Ta3N5 nucleation (conditions of treatment cannot be too harsh). 
Thus, it is clear that formation of TaON and adjusting its stoichiometry could only 
be achieved in a very narrow range of nitridation parameters. In fact, it is often the 
case that changes in the specifications of precursor compound might provide more 
reliable and efficient tool to correct the range of obtained chemical compositions. 
For instance, Feng et al. [36] demonstrated perfect application of this strategy as by 
varying only the amount of Ta2O5 starting materials it was possible to adjust the N:O 
ratio in synthesized TaON with impressive accuracy. It is interesting that conditions 
of thermally activated nitridation were constantly kept at 850  °C, 15  h, and 
20 mL min−1. Secondly, non-stoichiometric TaON also can be achieved via vapor 
synthesis approach. As various parameters of this processing such as temperature 
inside reaction chamber, pressure, and flow rate of utilized precursors or other 
related parameters can be adjusted, it is possible to obtain defined chemical compo-
sition without applying extreme conditions that can damage its morphology and 
structure and also influence the choice of substrate as it was in case of Ta3N5. 
Particularly, Cho et al. [37] used metalorganic low pressure chemical vapor deposi-
tion to prepare TaON film by employing pentaethoxytantalum (Ta(OC2H5)5) and 
NH3 as precursors at temperatures from 375 to 500 °C. It was revealed that with the 
higher flow of NH3, the concentration of O decreases consequently, and it might be 
interpreted as to lowering the potential number of newly generated ON defects. In 
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turn, formation of TaOxNy structures is also possible via PVD techniques such as 
reactive magnetron sputtering which provides great flexibility in adjusting the stoi-
chiometry ranging from Ta2O5 to Ta3N5 [38]. Thirdly, it is possible to anneal Ta3N5 
in oxidizing atmosphere in order to make it become transformed into TaON as it 
was demonstrated by Dabirian et  al. [39] who utilized Ar/O2 flowing ambient at 
temperature of 800 °C to realize this step. In this case, similar to nitridation, various 
conditions of this treatment can be used to adjust precisely the ratio of N:O. Yet, it 
is considered as future perspective since up to date there is the absence of any avail-
able report that shows the success of this approach.

Post-synthesis Protocol Given that fabrication and structure of TaOH has high 
resemblance to that of Ta3N5, the similar commentary used for the latter compound 
regarding the development and application of consequent post-synthesis treatment 
protocol to create defective compositions can be as well applied to the former struc-
ture given that for today this topic is rarely demonstrated and discussed in literature. 
It means that as there is no current standard or milestone which can take the role of 
guidance where the efforts should be applied, various approaches can be suggested 
for the initiating and development of this direction as to push forward the required 
changes in chemical composition of TaON since in absence of any results, negative 
or positive, the only restriction would be how applicable they are. For example, 
thermal treatment of fabricated and fully stoichiometric compounds in nitrogen- 
poor (oxygen-rich) or nitrogen-rich (oxygen-poor) atmosphere might be proceeded. 
In turn, reduction using various chemicals also is considered as a great alternative 
and possible course of expected action.

7.2.4  Properties of Defective Ta2O5, Ta3N5, and TaON

7.2.4.1  Structural Properties

Tantalum Pentoxide (Ta2O5) Formation of defects in Ta2O5, particularly VO, 
results in certain adjustment of its structural characteristics which are described as 
follows: Firstly, even though changes in the rearrangement/relaxation of near- 
neighbor atoms due to appearance of vacancy were clearly identified theoretically 
via various simulation approaches [13, 14], experimental evidences revealed that 
generally the main parameters of crystal lattice remained relatively similar in both 
stoichiometric and non-stoichiometric Ta2O5 as no related shift in position of peaks 
after analysis with X-ray diffraction [16] or increasing/decreasing of interplanar 
distances during high-resolution transmission electron microscopy analysis [30] 
was observed. Secondly, it was determined that introduction of VO via thermal treat-
ment in vacuum resulted in appearance of disorder layer with thickness of 1–2 nm 
similar to that observed in hydrogenated TiO2 or ZnO [16]. Thirdly, existence of 
deliberately introduced defects in Ta2O5 leads to significant changes in morphology 
as its dimension and size distribution increase [16].
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Tantalum Nitride (Ta3N5) Formation of defects in Ta3N5, particularly VN and 
reduced Ta species, causes the appearance of specific changes in its structural char-
acteristics which is summarized as follows: Firstly, in analogy with Ta2O5, insuffi-
cient presence of nitrogen might result in the appearance of 1–2  nm thick 
subnitride-based structures resided on the surface of Ta3N5. Their uniformity, conti-
nuity, stoichiometry, and level of disordering are fully dependent on the chemical 
composition of Ta-oxide precursor and its own deficiency [40]. Secondly, due to low 
displacement of Ta atoms as a result of VN appearance, which was calculated to be 
only within ~1.7% [22], the experimental observation of any changes in Ta3N5 crys-
tal lattice is hardly possible via conventionally used techniques such as X-ray dif-
fraction or even HRTEM. For comparison, introduction of oxygen efficiency into 
ZnO causes outward relaxation up to ~23% [41] which can be easily detected.

Tantalum Oxynitride (TaON) Introduction of defects in TaON, particularly oxy-
gen atoms substituting nitrogen, leads to development of specific changes in its 
structural characteristics which can be outlined as follows: Firstly, given that oxy-
gen atomic radii are smaller than that of nitrogen, formation of ON antisites results 
in development of positive shift in position of XRD peaks which is defined as 
shrinkage of crystal lattice. Thus, the lower the stoichiometry of nitrogen, the more 
evident the shift [36]. Secondly, it was discovered that increasing of oxygen content 
in TaON, which also can be interpreted as higher deficiency of nitrogen, leads to 
lowering the level of overall surface roughness [38].

7.2.4.2  Optical Properties

Tantalum Pentoxide (Ta2O5) Introduction of oxygen vacancies into Ta2O5 results 
in significant improvement of its optical characteristics as absorption in visible 
spectra is increased in parallels along with reduced the band gap. It determines that 
more photons with wider range of energies could be consumed. Specifically, Zhu 
et al. [30] revealed that while pristine Ta2O5 enables to utilize only 10.6% of solar 
spectra, after release of oxygen atoms due to Al-assisted reduction this value 
increased to over 40%, and its continuous advancement follows the treatment tem-
perature. Another particularity of oxygen-deficient Ta2O5 is that it changes color 
from white to gray in the manner very similar to that observed for TiO2 and ZnO in 
the previous chapters.

Tantalum Nitride (Ta3N5) As it was shown by Wang et  al. [7], combination of 
Ta3N5 with subnitrides results in highly improved absorption of visible light, while 
band gap remains relatively the same. Furthermore, it was also reported that chang-
ing the ratio of these subnitrides with respect to main Ta3N5 phases and playing with 
their geometrical configuration also can be used to increase the overall sensitivity 
toward irradiation with visible and UV spectra [40]. Yet, the significance and level of 
this improvement depend on many factors, and precise tuning of various morpho-
logical features is required to achieve the best outcome. In turn, theoretical  calculation 
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of self-defective Ta3N5 filled with Ta and N vacancies demonstrated that its band gap 
decreases from ~2.2 to 2.0  eV compared with its fully stochiometric counterpart 
[42]. It is interesting to notice that well-known optical absorption at around 720 nm 
that is often observed for Ta3N5 regardless of its structural and composition particu-
larities and which is beyond its band gap, apart from its attribution to O impurities, 
also was determined to have certain relation with existence of VN [23].

Tantalum Oxynitride (TaON) Playing with O/N ratio in TaON not only results in 
increase in overall absorption in parallels [36] (Fig. 7.4a) but also changes the width 
of band gap as dominated presence of oxygen or nitrogen leads to its increase or 
decrease, respectively [38]. Defined and specific adjustment of optical characteris-
tics is dependent on the concrete experimental setup and also is influenced by the 
nature and chemical composition of original compound. Another particularity of 
defective TaON is that its color is very sensitive to variation of O/N ratio and can 
vary from green yellow to bright or orange yellow [36] (Fig. 7.4b, c).

7.2.4.3  Electronic Properties

Tantalum Pentoxide (Ta2O5) Formation of oxygen vacancies, in Ta2O5, has a cru-
cial effect on electronic structure of its band gap since their presence leads to devel-
opment of additional mid-energy levels and their concrete presence and location 

Fig. 7.4 (a) Light harvesting efficiency spectra, (b) optical images, and (c) chemical composition 
of TaON samples prepared via nitridation of Ta2O5 with different parameters. For example, naming 
of sample as TaON 20-2 is designated that 2 g of Ta2O5 were thermally treated in a NH3 which flow 
rate was kept at 20 mL min−1. (Adapted from Ref. [36] with permission from John Wiley and Sons. 
Copyright 2019)
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within the band gap are determined by geometrical configurations of VO. As this 
defect is available in “in-plane” and “cap” arrangements, they result in appearance 
of (+2/0) transition level located at ~1.9 eV and ~3.5 eV, respectively, from VBM 
[13], and the later value is generally more recognizable in literature. As additional 
remark, it has to be noticed that appearance of this type of defect results in accom-
panied development of dangling bonds that enable the existence of multiscale addi-
tional energy states within the band gap which can be easily detected by various 
analysis such as PL spectroscopy [29]. In turn, the presence of other transition levels 
is also recognizable in the band gap of this materials; yet due to their unfavorable 
positions with respect to Fermi level and also with regard to formation energies of 
vacancies that create them, they deserve much less attention in literature. For exam-
ple, “in-plane” vacancies can also exist in the form of −1 and +1 states; yet it only 
happened within very small region of Fermi level [13] and thus is seldom observ-
able as it is not easy to obtain them.

Tantalum Nitride (Ta3N5) Introduction of nitrogen vacancies leads to generation 
of several energy levels located in the upper part of band gap depending on the 
localization of Fermi level and specific charge state of these defects. Particularly, it 
was identified that (+1/+2) and (+2/+3) transitions have deep donor characteristics, 
and they position almost in the middle of the band gap, while that of (0/+1) is 
located only ~0.16 eV from conduction band or even within it [22, 23]. In turn, the 
reduced Ta metal states in the form of Ta4+ and Ta3+ often tend to appear along with 
VN as to compensate changes in geometrical and electronic configurations. They 
have their own defect states which are supposed to locate very deep inside band gap 
and thus only can act as recombination centers even though some authors debate it 
[43]. Apart from intrinsic defects, several words also need to be said about the pres-
ence of oxygen atoms in Ta3N5 as they have certain influence on the transitions of 
electrons in the band gap. It is generally accepted that they are considered to be 
unavoidable impurity in this material and their positioning is defined by substituting 
nitrogen atoms creating ON antisites. Thus, they enable to create transition level 
(0/+1) which is located within only ~0.06 V from conduction band [22], and follow-
ing it are considered to have shallow characteristics [44].

Tantalum Oxynitride (TaON) Theoretical simulation demonstrated that substitu-
tion of nitrogen with oxygen atoms which resulted in appearance of ON antisites is 
determined to be the dominated defective formation in the TaON. Their presence 
leads to development of (0/+1) transition level located at 0.29 eV below the conduc-
tion band [25]. It allows to identify ON as shallow donors that contribute signifi-
cantly to the origin of n-type conductivity. Thus, increased O/N ratio gradually 
pushes up the Fermi level [36]. It is suggested that narrowing of TaON band gap due 
to increased presence of ON defect often observed in literature might be attributed to 
lowering of conduction band as a result of increasing its width via formation of 
transition level-supported band tail. Yet, additional experimental verification is nec-
essary to confirm it. As for the other defects and influence of their appearance on the 
structure of band gap, it was revealed that VO and VN initiate the presence of (0/+2) 
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and (+1/+3) transitions at 0.50 eV and 0.65 eV below the CBM, respectively [25], 
which make them to be referred as deep donors that are unable to provide electrons 
and only serve as compensation centers for acceptor-like defects.

7.2.4.4  Electrical Properties

Tantalum Pentoxide (Ta2O5) As oxygen vacancies have clearly defined donor- 
like characteristics and given that transition levels associated with them are located 
relatively close to conduction band, it is expected that their presence in Ta2O5 might 
result in increased density of free charge carriers and improved electrical character-
istics. This supposition was perfectly proved by Perevalov et al. [45] who accessed 
current-voltage characteristic of non-stochiometric Ta2O5 via both theoretical and 
experimental approaches. It was revealed that lowering the oxygen content leads to 
almost proportional increase in the strength of electrical current at fixed field. 
Definitely, positions of these defects and their concentration also play a crucial role 
as under certain conditions they might become annihilation centers for charge car-
riers thus greatly reducing their presence and transportation characteristics which 
inevitably cause an overall declining of conductivity.

Tantalum Nitride (Ta3N5) Introduction of nitrogen vacancies with defined charge 
state or oxygen substitutional plays a highly positive role in increasing the electrical 
properties of Ta3N5 via strengthening of its n-type conductivity as they enable to 
create transition level close to conduction band and thus assisting in increased sup-
ply of electrons toward it. In turn, Ta-reduced species such as Ta3+ and Ta4+ also are 
considered to have donor-like nature; yet, as their transition levels are located almost 
in the middle of band gap, they are identified to be deep defect [44]. Thus, their 
contribution to the increase conductivity is only limited by serving as compensation 
centers. In turn, they also can play a negative role by causing the trapping and con-
sequent recombinations of available charge carriers thus affecting their concentra-
tion and accessibility. As additional remark, it is also necessary to notice that 
introduction of Ta vacancies results in lowering the density of states around Fermi 
level which leads to reducing overall conductivity and appearance of insulating 
characteristics [24].

Tantalum Oxynitride (TaON) Similar to Ta3N5, in TaON transition level created 
by ON antisites are located closest to conduction band compared with that of other 
related defect such as nitrogen or oxygen vacancies. Thus, they enable to make 
significant contribution to the strengthening of natural n-type conductivity by 
increasing the concentration and presence of free charge carriers. Following it, one 
could assume that the more the ON formed and the higher the deficiency of nitrogen 
that initiates them, the more evident the advancement of TaON electrical character-
istics [36]. It is interesting that theoretical estimation demonstrated by Chen et al. 
[25] predicted difficulty in p-type doping of this material as with shifting the Fermi 
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level toward valence band, the formation energy of ON becomes negative which 
represents their spontaneous and uncontrollable generation. Given its donor-like 
characteristics, newly introduced positively charge carriers would be easily 
neutralized.

7.2.5  Application of Defective Ta2O5, Ta3N5, and TaON 
as Photocatalyst

7.2.5.1  Brief Overview

Due to their exceptional properties and relative availability, Ta2O5, Ta3N5, and TaON 
are considered to be an attractive alternative to well-known and widely utilized 
materials such as TiO2, ZnO, etc. in terms of their efficient application in various 
photocatalytic processing including decomposition of dangerous pollutant in water, 
hydrogen production, CO2 reduction, etc. For example, Ta3N5 and TaON enable the 
absorption of visible light, while Ta2O5 has high chemical and mechanical sustain-
ability. In addition, position of band gaps with respect to vacuum level suits per-
fectly the reduction and oxidation potentials associated with most of chemical 
reactions. Yet, full and successful implementation of these materials might be 
restricted by certain particularities of their compositions and related characteristics 
that need to be addressed properly in order to make them become widely accessible. 
As an illustration, despite its readily accepted optical properties, Ta3N5 and TaON 
can be subjected to photocorrosion that leads to decline of their performance with 
prolonged time. Meanwhile, their practically measured performance is far beyond 
that predicted via theoretical simulation. It might be suggested that extremely high 
recombination rate of photoinduced charge carriers is one of the reasons to this 
unexpected outcome as it results in lower supply of surface with them and thus 
limits the activation of adsorbed molecules. In turn, Ta2O5 can only absorb UV light, 
and this unable to fully use solar spectra.

Numerous attempts have been applied to overcome these problems including 
decoration with noble metal, co-catalyst immobilization, and controlled faceting. 
In this regard, intrinsic defect engineering is determined to be a highly attractive 
alternative to them as it enables to alter properties and characteristics of Ta-based 
materials through modification of their own compositional structure without use of 
any external materials or chemicals. As it was shown above, these changes can 
address their most basic problems such as increasing the concentration of available 
charge carriers, enhancing their separation existences, lowering the band gap, and/
or extending the absorption profile thus making the utilization of more light to be 
possible, increasing the stability and reliability, etc. Overall, it leads to higher rate 
of redox reactions and improved efficiency of photocatalytic processing. More 
detailed discussion related to application of defective Ta-based materials is pro-
vided below.
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7.2.5.2  Photocatalytic and Photoelectrochemical Water Splitting

Production of hydrogen using light-supported water splitting process is identified to 
be the most attractive and desired method to address current requirements in con-
sumption of energy due to its substantiality and environmental friendliness. It was 
generally accepted that band gap positions of Ta-based materials well suit both 
reduction and oxidation potentials of this processing even though Ta3N5 and TaON 
might not always be able to initiate both of them in a simultaneous manner given 
that additional impurities or unregistered species and states might exist within their 
structures which shift the conduction or valence bands toward undesirable direc-
tions making them become allocated beyond the required energies. The develop-
ment of controlled deficiency can greatly address these problems. Firstly, it results 
in sufficiently increased efficiency of water splitting reaction leading to enhanced 
outcome of hydrogen yield compared with that of fully stoichiometric sample. For 
instance, Liu et al. [16] demonstrated that Ta2O5 filled with VO formed via vacuum- 
supported thermal treatment exhibited 48% higher H2 generation rate than that of 
original Ta2O5 (22.2 μmol/g vs. 15.0 μmol/g per hour) under illumination with Xe 
lamp (Fig. 7.5a). Furthermore, the stability of defective Ta2O5 was also tested by 
cycling test, and very good repetition of hydrogen production within 12  h was 
observed (Fig. 7.5b). In turn, playing with ratio of O/N in TaON could increase the 

Fig. 7.5 (a) Hydrogen generation rates under 300 W Xe lamp irradiation in the presence of white- 
and oxygen-deficient (gray) Ta2O5. (b) Cycling test of oxygen-deficient (gray) Ta2O5 under 300 W 
Xe lamp irradiation for 12 h. (Reprinted from Ref. [16] with permission from Elsevier. Copyright 
2020) (c) O/N ratios and highest photocurrents for TaON photoanodes. The elemental analysis 
results are given below the corresponding TaON samples. (Reprinted from Ref. [36] with permis-
sion from John Wiley and Sons. Copyright 2019)
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photocurrent more than in 1.5 times [36] (Fig. 7.5c). Secondly, introduction of con-
trolled deficiency enables to make the realization of overall water splitting process 
possible regardless of initial composition. This concept can be readily illustrated 
using work of Nurlaela et al. [40] as an example. It was revealed that the presence 
of amorphized TaN layer with thickness of 1–2 nm on surface of Ta3N5 prepared 
through nitridation of Ta2O5 precursor determines the reliability of photocatalytic 
hydrogen evolution. Simply to say, once this layer is absent or positioned as ran-
domly distributed island configuration, splitting of water is limited only by the pro-
duction of oxygen, while the reduction reaction was revealed to be utterly 
unavailable. In turn, their continuous and uniform arrangement results in clearly 
detectable appearance of hydrogen as a final product. As a final word, it is necessary 
to say that not absolutely all intrinsic defects formed in target materials could con-
tribute to the enhanced performance, as some of them might play an opposite role, 
i.e., significantly lowering it. This recognition is mostly determined by the position 
of transition or energy levels in band gap which accompany the formation of each 
particulate type of defects. For example, according to Fu et  al. [44], reduced Ta 
metallic states in Ta3N5 form deep states centered at ~0.64 eV from conduction band 
that lay below the water reduction potential, and thus electron trapped there is 
unable to be part of this reaction. Thus, it becomes recombined which negatively 
influence the outcome of hydrogen production.

7.2.5.3  Light-Induced Water Purification

Light-induced water purification usually is reached via degradation of dyes using 
proper photocatalysis that causes their transformation into various non-hazardous 
compounds such as carbon dioxide. It is a highly promising approach to resolve the 
problem of clean water worldwide. Defective Ta-based materials due to their unique 
characteristics and features can become a promising solution for the improvement 
and stabilization of this proceeding and its outcome. Furthermore, compared with 
hydrogen production, photocatalytic reaction associated with dye degradation has 
much higher chances to be properly addressed as it can be easily performed under 
visible light and with higher effectiveness since the alignment of energies and posi-
tioning of conduction of valence bands including the formation of defect-induced 
transition levels within them require much less restrictions and requirements with 
regard to relevant redox potentials. For example, Zhu et al. [30] demonstrated that 
Al-reduced oxygen-deficient Ta2O5 nanowires enable to greatly enhance the degra-
dation of methylene blue under illumination of Xe lamp with cut-off filter 
(λ > 420 nm). The removal efficiency was estimated after 2 h of testing and equaled 
to ∼35% and 5% for non-stoichiometric and stochiometric Ta2O5, respectively, 
which equaled to nearly sevenfold improvement (Fig.  7.6a). It is interesting to 
notice that increased temperature of reduction, i.e., higher oxygen deficiency in 
Ta2O5, resulted in gradual improvement of dye degradation rate. In turn, when full 
solar spectra were used and the dye was changed to methylene orange (MO), the 
difference in efficiency to remove it by both defective and defectless structures 
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lowered down and reached the maximum value of only ~2.5 times (Fig. 7.6b). The 
MO degradation cycling tests demonstrate that the VO-Ta2O5 has very stable activity 
in five photodegradation cycles (Fig. 7.6c).

7.2.5.4  Photoconversion of CO2

Photocatalytic conversion of CO2 via reaction with water is a highly attractive 
approach not only to significantly reduce its concentration in the atmosphere but 
also to make it serve as a source of various valuable carbon-neutral raw materials for 
chemical industry. Band gap positions of Ta2O5, Ta3N5, and TaON perfectly match 
both potentials of CO2 reduction (into various compounds) and water oxidation 
making them very promising candidates to utilize an efficient photocatalyst. Yet, 
currently, most of studies regarding them in terms of applications in these reactions 

Fig. 7.6 (a) Visible-light-driven photodegradation of methyl blue (MB) and (b) full-spectrum 
solar-driven photodegradation of aqueous methylene orange (MO) in the presence of the original 
and Al-reduced Ta2O5. (c) Cycling tests of solar-driven MO photodegradation over the Al-400 
sample. The number after word “Al” means the temperature of reduction. (Reprinted from Ref. 
[30] with permission from American Chemical Society. Copyright 2016)
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are concentrated on investigation of their fully stoichiometric composition. To be 
clear, it is generally believing that the presence of defects might play a negative role 
in efficiency of Ta materials serving the role of recombination centers for charge 
carriers. Thus, it is often the case that their deliberate removal is identified to be the 
main reason of improved outcome in light-induced CO2 reduction [46]. Yet, this 
strategy is hardly to be considered as perfect since ideal structure is unavailable in 
any way and defects are always present there, i.e., their existence cannot be fully 
eliminated and, moreover, ignored. Thus, in a manner similar to that applied for 
water splitting and dye degradation ascribed above, it is believed that proper man-
agements and adjustment of their concentration, distribution, and, most importantly, 
nature might become an attractive approach that can boost further the current limits 
of CO2 photoconversion. The following reasons are used to justify this conclusion. 
Firstly, defects play a significant role in governing the transport of charge carriers 
toward surface by increasing their separation rate, providing additional electrons, 
etc. Secondly, in analogy to TiO2 and ZnO, defects enable to act as adsorption and 
activation spots for CO2 molecules thus enhancing the rate of overall photoconver-
sion reaction. For example, Muraoka et  al. [47] investigated Ta3N5 prepared via 
nitridation of Ta2O5 with various temperatures. It was discovered that the best pho-
tocatalyst for CO2 reaction was received as very moderate conditions as they lead to 
incomplete fulfillment of Ta3N5 with N atoms and also causes the presence of resid-
ual oxygen. Needless to say, both of them create donor-like energy levels within 
band gap that position is considered to be shallow and thus leads to sufficient con-
tribution into enhanced conductivity.

7.2.5.5  Current Challenges and Future Perspectives

Application of defect engineering to modify Ta-based materials including Ta2O5, 
Ta3N5, and TaON for application in various photocatalytic processing only recently 
begins to deserve specific and increased attention of scientific community as it was 
recognized that their controlled introduction under strictly defined conditions might 
initiate the appearance of additional, unexpected yet highly desirable features or 
strengthening of already existed ones which might seriously influence their effec-
tiveness. For instance, Ta2O5 suffers from inability to be sensitive toward visible 
light; yet with presence of oxygen vacancies, the width of band gap becomes greatly 
reduced making the absorption edge to be shifted toward higher wavelength accom-
panied by overall increase in sensitivity. However, there are several challenges 
which need to be overcome as to make these materials available, recognizable, and 
most importantly accessible at last in a level equaled to that of ZnO and TiO2 dis-
cussed above. Firstly, it is necessary to acquire the proper knowledge and informa-
tion regarding them in terms of their defective structure and composition that can be 
used to determine the direction in which their specific characteristics and properties 
can be developed following the most basic and fundamental principles of defect 
engineering. To be clear, currently available data generally speaking is insufficient 
and partially incomplete. Furthermore, it suffers from certain contradiction and thus 
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often provides additional difficulties to analyze it and predict the expected photo-
catalytic response. Taking Ta-reduced states as illustration, one can notice that 
according to reports in literature, its presence can influence positively on photocata-
lytic activity of Ta-based materials [43], or oppositely, they serve as deep donors 
[44] which lower the efficiency. Secondly, in terms of reported and investigated 
applications toward using defective Ta-based materials in certain photocatalytic 
reactions, there is also a huge gap. As it was mentioned above, water splitting and 
dye degradation have deserved very considerable attention as they are covered at 
certain extent, while, for example, CO2 production was discussed in much less if 
any range. As for other processing such as nitrogen fixation or oxidation/reduction 
of certain compounds, to find information about them might become a very chal-
lenging task as their proper investigation is only expected. It can be explained by the 
fact that utilization of defective Ta-materials as a photocatalytic material is a very 
novel and recently discovered topic which proper development is only considered. 
It has a great potentiality, and thus more investigations are expected to appear.

7.3  Final Remarks About Defective Ta2O5, Ta3N5, and TaON

The future of photocatalytic processing can be easily and even eagerly connected 
with Ta-based materials as they offer a variety of properties that other related semi-
conductors cannot provide. It includes positioning of their band gaps which allows 
to easily perform redox reactions of the most demanding and challenging process-
ing including water splitting and CO2 conversion. Furthermore, Ta3N5 and TaON are 
sensitive to the visible light which enables to utilize sufficient part of solar spectra, 
while Ta2O5 demonstrates great chemical and mechanical stabilities which make it 
functional for a long period of time. Yet, as any other materials, they have a very 
defined disadvantages and drawbacks which decrease the efficiency of their applica-
tions making it become much lower than that predicted by theoretically developed 
simulation models. Defect engineering can address these problems effectively as it 
provides great opportunity to modify their chemical composition and structural/
morphological characteristics via simple rearrangement of atomic positioning in 
periodical lattice and proper adjustment of consequent relaxation which inevitably 
lead to dramatic changes in their geometrical and electronic configurations. Despite 
apparent easiness of this approach as, for example, to create vacancy, it is only 
enough to remove atoms of designated elements, with regard to Ta2O5, Ta3N5, and 
TaON, it is a very difficult and even challenging task given that knowledge about 
formation of defects in these materials is only in the beginning of acquiring process, 
and many aspects regarding their specific particularities and influences remained 
unknown as they are covered within partial accessibility or only are available via 
theoretical approach. Thus, for complete and more thorough clarification, additional 
experimental confirmation is strongly required. In this regard, it is suggested that 
the future of defected Ta-based materials seems very bright given that already in the 
beginning of their development and consequent progression they enable to show 
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very impressive outcome in terms of their applications in various photocatalytic 
reactions as well as in demonstrating more advanced characteristics. Yet, there is 
still very long way ahead to make the expected modification follow certain path-
ways and designated roadmap in order to be sure that the achieved outcome would 
reach defined expectations and thus become readily and easily accessible.
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Chapter 8
Case Study IV: Defect Engineering of MoS2 
and WS2

8.1  MoS2 and WS2: Fundamentals

Molybdenum Disulfide (MoS2) Bulk MoS2 is considered to be layered material 
where each layer is identified to have sandwich-like composition with thickness of 
only three atomic layers. They are composed of S-Mo-S sequences which existence 
and consequent assembly are associated with the presence of relatively weak Van 
der Waals forces. It enables the atomic planes to be properly arranged with respect 
to each other. As for more detailed description, in every such a layer, Mo atoms are 
connected to six S atoms, and the exact geometry of this configuration is determined 
by the type of crystal lattice. Following various experimental evidence available in 
literature [1], it was revealed that MoS2 is defined by polytypism that regulates the 
appearance of three different forms of phases such as 1T, 2H, and 3R in which the 
digit stands for number of monolayers in the unit cell and the letters T, H, and R 
ascribe the structural symmetry which has trigonal, hexagonal, and rhombohedral 
compositions, respectively. In this regard, one has to notice that 1T phase ascribes 
the presence of Mo-S coordination as octahedral formation, while in 2H and 3R 
phases, it is represented in the form of trigonal prismatic [2]. The most thermody-
namically stable arrangement out of these three are considered to be 2H and 3R 
phases which also existed naturally. They demonstrate evident semiconducting 
properties characterized by n-type conductivity. As for 1T phase, it is determined to 
be metastable compound that at relatively low temperature up to only 95 °C can be 
decomposed into 2H structure [3]. 1T phase shows clearly defined metallic behavior 
which is justified by the presence of crystal distortion. It has several polymorphs 
that are ascribed as 1T′, 1T″, and 1T‴ superstructures. Their dissimilarities are asso-
ciated with the difference in specification of unit cells, i.e., whether Mo atoms are 
dimerized or trimerized [2]. It is highly debatable to ascertain which one of them is 
more thermodynamically favorable. As for the optical properties, bulk MoS2 has 
indirect band gap equaled to ~1.2 eV that makes it unsuitable for performing any 
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photocatalytic processing. In turn, once its dimension is lowered down to mono- or 
several-layered structure that represents 2-D constitution, there appeared clearly 
defined confinement and long-range Coulomb effects which result in increasing the 
width of band gap up to ~1.8–1.9 eV and transforming it into direct type. In turn, 
these modifications are also followed by changing of color from absolutely black to 
yellow, green, or their various combinations and shades including bright yellow, 
green-yellow, etc. as it depends on the internal structure and chemical compositions. 
Accordingly, it was determined that positions of conduction and valence bands in 
2-D MoS2 can match redox potentials of certain photocatalytic processing such as 
water splitting or CO2 conversion thus at certain conditions enabling their activation 
without using additional co-catalyst or combining with other semiconductors. 
Finally, this compound has great chemical stability, abundance, high carrier mobil-
ity, environmental friendliness, and relatively simple synthesis protocol. Thus, its 
attractiveness to initiate various reactions under solar light is evident.

Tungsten Disulfide (WS2) Almost similar description of crystal structure also can 
be applied to WS2 as this material is very comparable to that of MoS2. Firstly, it is 
also available as of layered composition where each layer has thickness of three 
atomic planes, and it is presented in the sandwich-like architecture that has form of 
S-W-S. Secondly, this arrangement is associated with van der Waals forces that 
enable the distance between each layer to be ~0.65 nm [4]. Thirdly, the most stable 
appearance of W is trigonal prismatic which contributes to the formation of semi-
conducting 2H (1H) and 3R phases. In turn, WS2 also has the octahedral coordina-
tion that is presented as metastable 1T phase. As for the optical properties, bulk WS2 
shows the value of band gap equaled to ~1.3 eV, and it appeared to have indirect 
type. Lowering the dimension of this materials results not only in gradually increas-
ing its width which reaches ~2.0 eV for single monolayer but also transformating it 
into direct type [5]. Its typical composition as 2H phase has brown-yellow color, 
while realization of 1T phase makes it appear as gray-shaded formation [6]. The 
band gap position of WS2 also greatly matches redox potentials of variolous photo-
catalytic reactions, thus making this material to be greatly an attractive alternative 
to well-known wide-band gap semiconductors.

Finally, several words need to be said about comparisons of both nanoscaled 
MoS2 and WS2 in terms of their chemical, electrical, electronic, and other character-
istics. As tungsten is heavier than that of molybdenum, MoS2 consequently has 
lower thermal, mechanical, and chemical stabilities. Theoretical estimation deter-
mined that 2-D WS2 and specifically its monolayered structure are supposed to have 
greater charge transport characteristics than that of MoS2 [7]. In fact, it has one of 
the highest electrons and hole mobilities among currently reported transition metal 
dichalcogenides [4]. By turn, several layered compositions have an opposite trend. 
Particularly, Kaushik et  al. [8] demonstrated that position of Fermi level in WS2 
single-crystalline flakes is located deeper inside band gap than that of MoS2 which 
means that lower concentration of negatively charge carriers is available and can be 
delivered to conduction band. Thus, while as-prepared MoS2 was clearly defined as 
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strong n-type semiconductor, WS2 for its part appeared to have its much weaker 
characteristics. In conclusion, one might notice that even though natural abundance 
of tungsten and molybdenum is relatively similar, the industrial adoption and usage 
of the latter currently is higher due to its applicability in various fields while having 
a lower availability of mineral resources. As a result, commercial attractiveness of 
WS2 for future processing is more evident.

8.2  Intrinsic Defects in MoS2 and WS2

8.2.1  Introduction

Molybdenum and tungsten disulfides in the form of mono- or several-layered struc-
ture are considered to be greatly attractive materials that are successfully applied as 
photocatalysts given their sensitivity toward irradiation with visible light, perfect 
alignment of band gaps with respect to redox potentials of various reactions, and 
also highly adjustable properties and characteristics that accurately follow the 
changes in their dimensions, phases, etc. Yet, despite great perspectives, to com-
pletely realize the potentials of these materials and overcome any limit in acquiring 
the expected efficiencies and thus fully satisfy theoretically predicted expectations 
and outcome, certain drawbacks regarding them should be addressed properly. 
Particularly, it was reported that WS2 and MoS2 have extremely high excitation 
recombination ratio and also possess weak absorption capability toward irradiation 
with incident light [9]. It means that sufficient part of photons with required ener-
gies might simply avoid being captured. Furthermore, low dimensionality evidently 
leads to extremely high sensitivity toward alternation of internal structures as any 
even minor changes in surrounding environment such as non-ideality of synthesis or 
storage conditions, presence, and consequent unintended incorporation of various 
impurities whether in the form of metal or non-metallic compounds might lead to 
introduction of highly undesirable formations within these materials. It enables to 
break periodical atomic arrangement thus causing the appearance of localized 
regions filled with certain composition which existence could lead to the develop-
ment of unpredicted phenomenon and appearance of very surprising findings. It is 
very not easy to achieve control over them as there might be a positive and negative 
outcome in terms of expected photocatalytic performance.

Following it, defect engineering can be considered as an attractive approach 
which provides collateral solution for mentioned above problems. To be clear, it 
enables to address most of drawbacks that have MoS2 and WS2 as processing and 
realization of defined chemical composition and certain crystal structure can be 
achieved via limited access and introduction of only desirable type of defects. In 
this regard, their particularities such as concentration, distribution, and localization 
are precisely adjustable as to make them serve only specific and desired role. In this 
regard, it would allow to reduce dependency on the unexpected changes of 
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surrounding conditions as it is believed that modified structure of MoS2 and WS2 
could adapt them with less impact. Yet, as this topic is very new and began to deserve 
attention only were recently, thus its deep and profound understanding is still very 
far even from partial awareness, and additional efforts are required to fulfill the gap. 
It would allow to push further the progress in this direction.

8.2.2  Defects in MoS2

Discussion of defects in this material is limited by only assessment of its 2H or 3R 
phases which have semiconductor-like compositions with clearly defined band gap. 
The most recognized type of defect in MoS2 is considered to be sulfur vacancy (VS) 
which has one of the lowest formation energies, and thus its appearance often can-
not be avoided. In fact, it can even be detected in naturally existed samples. 
Theoretical calculation predicted that VS is a deep acceptor and its most accessible 
form represents neutral monovacancy [10]. Its existence correlates well with the 
position of Fermi level expanding though significant part of band gap except regions 
close to conduction band. Generation of these defects in MoS2 results in develop-
ment of new mid-gap energy levels, designated as occupied and unoccupied states 
that lay very near valence band maximum and in upper part of the band gap, respec-
tively [11]. It was determined that the former one enables to donate electrons, while 
the latter one can accept one or several of them. This processing leads to appearance 
of VS with charge states of −1 which presence satisfies the position of Fermi level 
approaching the conduction band [12]. The transition level associated with 0/−1 
change was determined to be within ~1.2 to ~1.7 eV above valence band, depending 
on the model of applied calculation [10, 13] (Fig. 8.1a). In turn, it is also possible at 

Fig. 8.1 (a) Charge transition states for the S vacancy in calculated via density functional theory 
using Perdew-Burke-Ernzerh (PBE) and screened exchange hybrid (sX) functional. (Reprinted 
from Ref. [13] with permission from AIP Publishing. Copyright, 2013) (b) Schematic energy 
diagram of VS in the charge states 0, −1, and −2 The energy barriers Eβ and Eα determine the 
degree of meta-stability of VS (0) and VS (−2), respectively. (Reprinted from Ref. [12]. Copyright 
2017, Springer Nature. Available under the Creative Commons Attribution 4.0 Generic License, 
http://creativecommons.org/licenses/by/4.0/)
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certain circumstances to realize the presence of VS with charge states of −2. Its 
transition level is supposed to locate very close to conduction band or even within 
it. This defect is often considered as metastable specie since formation energy asso-
ciated with its appearance is much higher than that of VS (0) and VS (−1) [12] 
(Fig. 8.1b). Thus, additional experimental evidence is necessary to confirm its con-
tinuous and detectable existence in MoS2 that enables to make any evident and last-
ing contribution to the changes in surrounding electronic structures. It is of interest 
that another view existed in literature on the identifying of these defect levels, as it 
was revealed that, firstly, they are positive which means they donate electrons and 
thus are attributed to donor-like states and, secondly, their positioning follows oppo-
site trend; the higher the charge state, the deeper within the band gap their domi-
nated presence is detected [14]. Given that MoS2 represents binary compound and 
by its chemical composition is close to, for example, ZnO or TiO2 described in 
previous chapters, where oxygen vacancies have donor-like characteristics, the 
identification of VS might lead to additional difficulties given that its transition lev-
els locate in the upper part of band gap within very close distance from conduction 
band and considering their role in strengthening of n-type conductivity [12], as it 
will be shown below. Yet, the detailed assessment regarding this topic is left aside as 
it is beyond the scope of this work. Following the recognizable and generally 
accepted trend in literature, the discussion below is fully based on assumption and 
consequent recognition that VS is as acceptor.

As for the geometrical structure and its changes, it was discovered that in order 
to maintain thermodynamic balance of internal energy, atoms surrounding vacancy 
become subjected to certain relaxation toward inward direction which degree fol-
lows its charge state. Particularly, for the neutral VS, the first and the second near- 
neighboring Mo and S ions are adjusted for about 0.4% and 1.5%, respectively, 
while for the VS in charge state of −2 these values were identified to be 1.2% and 
2.2%, respectively [14]. This relaxation is considered to be very insufficient com-
pared, for example, for other binary materials, such as ZnO where it reaches over 
20% after introduction of oxygen vacancies [15]. Thus, it can be said that threefold 
symmetry in monolayered MoS2 is maintained and there is the absence of any elec-
tron localization due to symmetry breaking or polaronic distortion [13]. Finally, it 
has to be noticed that apart from those mentioned above, definitely, there exist other 
charge states of S vacancies; yet they are considered to be thermodynamically less 
favorable species as transition levels related to their positioning are laid beyond 
band gap, i.e., within the conduction or valence bands. In addition, it is also impor-
tant to state that sulfur vacancy also can exist in the form of divacancy (VS2) [16] 
which results in appearance of additional occupied states within the conduction 
band. The formation energy of this type of defects was determined to be relatively 
high which means that their concentration is low compared with that of VS.

Another important defect of MoS2 is considered to be Mo vacancy. Theoretical 
estimation demonstrated that its formation is followed by breaking of six Mo-S 
bonds where Mo atom is eliminated. As a result, six S dangling bonds remain in the 
structure [17]. The relaxation of the surrounding near-neighbor atoms is proceeded 
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in outward direction (Fig. 8.2a). This defect is available in the neutral or negative 
charge states (−1 and −2) [11], which are considered to be the most stable configu-
rations. They create transition levels relatively far from the valence band, thus 
allowing to classify VMo as acceptor with deep rather than shallow characteristics. In 
this regard, it is unable to serve as a source of intrinsic p-type conductivity and only 
takes the role of compensating centers, in a part similar to that of zinc vacancies in 
ZnO as it was shown in Chap. 6. In turn, VMo (−3) and VMo (−4) also existed; yet, 
they are seldom considered given that, firstly, they are unstable formations and, 
secondly, defect states associated with them are localized farther away in band gap 
[14]. Thus, certain difficulties might appear in their successful realization and con-
sequent preservation in MoS2. In addition, one may notice that VMo can appear in +1 
charge state; yet it is only possible once the Fermi level is located in the lower part 
of band gap [11] which is associated with dominated presence of positively charge 
carriers and appearance of strong p-type conductivity. As for practical realization of 
metal-deficient MoS2, it might be considered as a challengeable task since introduc-
tion of isolated molybdenum vacancy is accompanied by its extremely high forma-
tion energy even in S-rich conditions [10]. Furthermore, its presence often is 

Fig. 8.2 Final optimized geometries of the defects within a MoS2 layer. (a) Mo vacancy, (b) Mo 
interstitial, (c) S interstitial. Dashed circles (red) denote the position of the defect. The monolayer 
(up) and bulk (down) formation energies in the neutral state are provided above each atomic con-
figuration. All configurations demonstrate top view. (Adapted from Ref. [11] with permission from 
American Physical Society. Copyright 2015) (d) Difference in calculated formation energies of the 
isolated native defects of VS, Si, VMo, and Moi in a single-layer MoS2 as a function of the Fermi 
level in the Mo-rich (up) and S-rich (down) limit conditions. (Reprinted from Ref. [17] with per-
mission from American Physical Society. Copyright 2014)
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supposed to be accompanied by the release of near-neighbor sulfur atoms due to 
loss of strong chemical bonding that support them, thus resulting in development of 
defect complexes which have structure of VMoS3 or VMoS6 depending on the type of 
VS [16]. Even though its formation energy for almost all range of chemical poten-
tials is higher than that of isolated VMo, they have dominated appearance creating 
conditions at which near-located S atoms can easily loss their positions.

The most stable geometry of Mo interstitial (Moi) is determined to be split con-
figuration directed toward c-axis [11] (Fig.  8.2b). As for its electronic structure, 
regardless of the surrounding environment, it is usually ascribed in terms of (+1) or 
neutral charge states which satisfy the positions of Fermi level inside the band gap. 
This defect is considered to be deep single donor, as (+/0) transition level is found 
at 0.3 eV above the valence band maximum. In this regard, it can serve only as hole 
trap center [17]. It has relatively high formation energy regardless of the conditions 
of outside environment, and thus the presence of this defect is often ignored in MoS2 
due to low concentration. In turn, the most stable atomic geometry of sulfur intersti-
tial (Si) in atomic scale MoS2 is found to be S adatom structure on top of S atom [11] 
(Fig.  8.2c), while its electronic structure is limited by existence of only neutral 
charge states as with Fermi level presented inside the band gap, it is the only avail-
able configuration [17]. Therefore, this defect is neither donor nor acceptor and has 
no influence on the concentration of electrons or holes or changes within the band 
gap configuration. As a final remark, one need to notice that its formation energy is 
second low after VS [11] in Mo-rich conditions and the lowest in S-rich conditions 
(Fig. 8.2d) which determine its significant existence and concentration in MoS2.

Antisites are formed when atom of one element is evacuated from its original 
position, and it became occupied by atoms of other element which is intrinsically 
available in crystal structure. Thus, the more thermodynamically favorable is the 
formation of vacancy, the more chances that antisites could appear. It is suggested 
[18] that Mo-rich conditions enable to stabilize both S vacancies and Mo adatoms 
and therefore highly favor the formation of MoS antisites, while S-rich conditions 
are more conductive to the development of Mo vacancies and S adatoms, hence 
leading to appearance of SMo antisites. Yet, following the above discussion, it is 
obvious that it might not work to 2-D MoS2 as to realize the presence of MoS much 
less efforts are required compared with that of SMo which means that their concen-
tration would be more dominated. This defect is determined to have donor-like char-
acteristics as it is stable in charge state of +1, and transition level is located in the 
conduction band [11]. As for geometry, substitution of an S atom for Mo atom leads 
to a distortion in the lattice due to the larger atomic radius of Mo atom compared to 
the S atom [18]. In turn, SMo demonstrates the existence of two transition levels of 
(+2/+1) and (+1/0) located at 1.16 eV and 0.95 eV, respectively, below the conduc-
tion band, which make this defect to serve the role of deep donor [19]. Overall, it 
has to be said that due to high formation energies, S and Mo antisites might be 
presented only in very limited concentrations,
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8.2.3  Defects in WS2

Defect chemistry of WS2 has a lot of similarity to that of MoS2 given that their crys-
tal and chemical compositions as well as configuration of band gaps demonstrate 
very high resemblance. Simply to say, sulfur vacancies in WS2 also are the most 
thermodynamically favorable type of defects as it has the lowest formation energy. 
Their electronic structures are ascribed by existence of stable 0 and −1 charge states 
that correspond to Fermi level located close to the conduction band. Accordingly, 
the 0/−1 transition state is determined to reside in the upper gap within distance of 
~0.33 eV [20] from conduction band which in general terms is determined to be 
higher than that of MoS2. Nevertheless, in analogy, this defect is identified as deep 
acceptors. Definitely, the existence of VS with charge state of −2 was also deter-
mined via theoretical simulation. Its transition level is supposed to locate at a dis-
tance of only ~0.02 eV from that of (0/−1) [21]; yet its existence might be considered 
as metastable and thus could only be proceeded under extreme non-equilibrium 
conditions. Calculation performed via density functional theory (DFT) by Chu et al. 
[22] confirmed the availability of two in-gap states associated with VS that are 
located close to conduction band. They are considered to serve as electron-trap cen-
ters and thus contributing to the above-mentioned changes in charge state. 
Nevertheless, formation energy of sulfur vacancies in WS2 is much higher than that 
of MoS2 regardless which environment, S-rich or Mo-rich, is applied; thus it makes 
their presence in the former material less evident and detectable and also restricts 
spontaneous appearances [21]. This conclusion is mostly referred to basal-based VS 
as they are determined to have higher stability than those one located at edges [23]. 
It has to be noticed that WS2 also can demonstrate the presence of double VS which 
enables to create four states in band gap thus realizing potentially high influence on 
changes in charge distribution [22]. To be more precise, two of these states are 
located in the upper part of band gap serving as electron traps, while the third one 
resides very close to valence band, and it is considered to be hole trap. In turn, the 
existence of fourth level occurs almost in equivalent distance from both bands, and 
with certain level of speculation, it has high probability to annihilate both types of 
charge carriers [22]. However, due to the fact that disulfur vacancies in WS2 have 
high formation energy that is roughly twice of that compared with their monosulfur 
counterpart [24], appearance of these defects is hardly possible, and thus their influ-
ence on the availability of charge carriers can be neglected.

As for the W vacancy, it is also considered to have acceptor-like characteristics 
aka Mo vacancy which create defect states located in the lower part of band gap serv-
ing only as compensation centers. Yet, their positions are closer to valence band than 
that of MoS2, indicating that the transformation of metal-deficient WS2 into strong 
p-type material is a more realistic scenario [24]. Tungsten vacancies can create defect 
complexes as nearest-neighbors three or six sulfur atoms are tending to be released 
due to weak chemical bonding [25]. In turn, WS2 also enables to demonstrate the 
presence of interstitial defects; yet their concentrations are considered to be rela-
tively negligible as this material has small interatomic spacing which might not 
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provide thermodynamically favorable site for residing an additional atom [26]. 
Moreover, it might be noticed that in analogy to MoS2, Si interstitial in WS2 is a neu-
tral defect and thus is unable to create any transition levels within the band gap and 
thus its presence. Hence, even though it has low formation energy and can be readily 
available, electronic and electrical characteristics of WS2 proceed very negligible if 
any changes. In turn, appearance of Wi interstitial is determined to be an unfavorable 
feature in WS2 due to requirement of high formation energy which seriously limits 
its accessible concentration. In fact, the same also could be said about S and W anti-
sites, and thus they are also regarded as unexpected features in WS2 [27]. Yet, it 
should be noticed that the latter conclusion was obtained via theoretical frameworks 
and experimental evidence contradicts it. For example, Wang et al. [25] revealed that 
monolayered WS2 demonstrates the presence of double sulfur column substituted for 
a single tungsten vacancy which was discovered to take the role of single dominant 
defect. Thus, more studies on the defects in this compound are required.

As a final remark, it has to be noticed that sulfur vacancies in both MoS2 and WS2 
often act as electron donors, and their introduction might result in increasing the 
strength of n-type conductivity despite the fact that these defects are serving as deep 
acceptor due to positive charge states. The origin of this contradictive behavior is 
still debatable as it can be attributed to various processes correlated with changes in 
chemical, structural, and electronic configurations. The more detailed discussion is 
provided below, specifically, in chapter dedicated to investigation of electrical 
properties.

8.2.4  How to Create Defects

8.2.4.1  Exfoliation

Mechanical Exfoliation Mechanical exfoliation is one of the simplest and acces-
sible methods to synthesize atomic scaled MoS2 and WS2 from their bulk crystals 
using only mechanical forces. It is described as follow: Firstly, adhesive Scotch tape 
is used to peel off appropriate layer from the surface of starting material creating a 
freshly cleaved thin component. Secondly, target substrate is brought into contact 
with this Scotch type, and the transfer of required composition is realized once they 
are combined. It is often the case that additional efforts such as, for example, rub-
bing with specific tools, are required to make this process smoother and less distrac-
tive. After the Scotch tape is removed, MoS2 and WS2 mono- or several layered 
nanosheets or flakes are remained on the substrate due to van der Waals forces. 
Playing with number of times how often Scotch tape is used or starting material and 
substrate are in contact usually results in synthesis of flakes or nanosheets with dif-
ferent sizes, dimensions, and distribution. It is also possible that this process can be 
effectively realized in solution using shearing, grinding, etc. In this case, bubbles 
take the role of Scotch tape pushing forward the cleavage, and this fabrication route 
is called as exfoliation in liquid phase.
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Overall, this method enables the formation of various defects in MoS2 and WS2 
as it requires the employment of certain mechanical strength to create the desired 
nanoscaled structure via breakage of its original composition in bulk and conse-
quent cleavage. Thus, due to nonideality of applied conditions, it is often resulted in 
disruption of localized symmetry and introduction of certain disorganization and 
disorders within the periodic arrangement of atoms. Mechanically, exfoliate MoS2 
and WS2 are mostly considered as sulfur-deficient compounds given that this type of 
defect has the lowest formation energy and that this synthesis is usually realized at 
ambient conditions. In turn, the presence of metallic vacancies, interstitials, or anti-
sites is less evident in these materials [28].

Chemical Exfoliation Chemical exfoliation is ascribed as transformation of bulk 
crystals into mono- or several-layered compositions via realization of an appropri-
ate chemical reaction that is based on application of various intercalants such as 
acids/bases, inorganic salts, oxidizing agents, and reactive functional molecules. 
Typically, disruption of chemical bonding in the basal plane of starting materials is 
proceeded by involvement of heteroatoms or functional groups that facilitate the 
cleavage of surface and appearance of flakes and nanosheets. As they are presented 
in separated forms, it enables the appearance of resistance to prevent aggregation 
[29]. Thus, they can be easily collected in the form of dispersion and transferred into 
target substrate via, for example, spin coating process. To facilitate the reaction, 
sonication or stirring can be usually applied; furthermore, it is possible to change 
the temperature or time at which the chemical reaction is processed thus reaching 
optimal and very precise control over distribution, shape, and other features of 
obtained 2-D nanostructures. The only disadvantage of this process apart from low 
yield which is very common for exfoliation regardless its type is that the chemical 
reaction is required to be proceeded for several days which is very time consuming. 
In terms of its employment to the MoS2 and WS2, the appeared defects are also 
ascribed mostly in the form of S vacancies.

8.2.4.2  Vapor Phase Synthesis

As exfoliation is not suitable for the large-scale production of 2-D materials and 
given that it is unable to manage the number of obtained layers and their sizes, dis-
tribution, and phase, there is a need in developing of other methods which can suc-
cessfully address all of these problems. In this regard, vapor phase synthesis is 
considered to be a very attractive alternative as it shows several advantages that are 
highly praised. Firstly, it enables to grow uniform MoS2 and WS2 in a large scale 
directly on the surface of desired substrate through chemical reaction or physical 
assemblance using various gaseous precursors and, secondly, their structure and 
chemical composition can be easily adjusted with precise accuracy given that vari-
ous parameters of deposition such as temperature and pressure inside chamber, flow 
rate of carrier gases, type of used chemicals and their particularities, etc. could be 
monitored and controlled. Thus, not only introduction of various defect in MoS2 and 
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WS2 can be easily realized, but also managing of their specific characteristics also is 
possible as well. Yet, due to difference in utilized protocol between physical and 
chemical deposition, this processing has their own particulates and specifications 
regarding the introduction of defined non-stoichiometry into fabricated compound 
which determines their proper application toward reaching the desired composition.

Specifically, Hong et al. [30] revealed that employment of physical vapor deposi-
tions ascribed as sublimation of precursors into the gas phase followed by its trans-
formation into a desired solid-based layered composition to fabricate monolayered 
MoS2 might result in dominated appearance of antisites defects within it. This phe-
nomenon was explained by extensive development of sulfur vacancies which 
became filled with nearby Mo atoms given high mobilities of latter. It was revealed 
that resulted antisites have higher stability with respect to VS which makes them to 
be considered as thermodynamically more favorable species in MoS2 thus leading 
to their dominance. It has to be noticed that realization of this scenario is only appli-
cable to specific conditions of PVD processing and might be different once certain 
changes within its specification or course of actions are implemented. In turn, 
employment of chemical vapor deposition usually leads to development of MoS2 
filled with large number of VS. Their occurrence is ascribed as replacement of oxy-
gen in the utilized precursor that mostly presented in the form of MoO3 by sulfur 
under controlled S-rich condition. Thus, VS is formed once incomplete filling of 
these O empty sites is realized. Furthermore, CVD-prepared samples, in addition to 
development of sulfur-deficient composition, also enable to demonstrate the pres-
ence of Mo interstitials [31] and Mo vacancies [16] even though their concentra-
tions are lower than that of VS. One might notice that the latter type of defect is 
seldom available as individual specie since their development usually is accompa-
nied by the release of near-neighbor sulfur atoms, and thus formation of defect 
complexes such as MoS3 and MoS6 often can be observed instead. It is also possible 
to create antisite defects via CVD fabrication, yet is mostly achieved by playing 
with stoichiometry of the precursor compounds, i.e., lowering or increasing the 
number of anion defects in it as it happened, for example, by using WO3 contained 
sub-oxides to prepare WS2 [32] (Fig. 8.3). Finally, atomic layer deposition also can 
be used to proceed controlled deficiency in MoS2 and WS2. Apart from well-known 
and already mentioned sulfur vacancies, the resulted compositions in addition can 
demonstrate appearance of other type of defects such as S interstitials which devel-
opment and adjustment follow the changes in the parameters of this processing [33].

8.2.4.3  Hydrothermal Method

Hydrothermal method is a very simple, efficient, easily accessible, and thus 
extremely attractive route for the fabrication of defective MoS2 and WS2 as it allows 
to achieve their formation with desirable and adjustable stoichiometry, chemical 
composition, and the level of overall crystallinity via simple route. To be clear, play-
ing with various parameters of this synthesis such as ratio and choice of utilized 
chemicals, temperature and time of reaction, etc. can be used to precisely tune the 
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relative amount of introduced defects and also enable to specify their types, distri-
bution, concentration, and expected behavior. For example, Liu et al. [34] investi-
gated how the application of (NH4)2MoS4 and Na2MoO4·2H2O served as precursors 
can influence the introduction of defects in nanolayered MoS2 which was fabricated 
via hydrothermal treatment at 200 °C for 24 h. It was discovered that apart from 
forming flower-shaped aggregates and mesoporous structure, respectively, the for-
mer compound demonstrated relatively higher presence of sulfur vacancies com-
pared with that of the latter one. It is also possible to apply this method for 
introduction of Mo vacancies as addition to VS [35]. As for deficient WS2, its syn-
thesis follows similar scenario with only difference that other chemicals are applied 
as precursors. The resulted structure usually demonstrates the presence of large 
number of both W and S vacancies [36].

Hydrothermal synthesis also allows to achieve realization of particulate architec-
ture since it can easily overpass limitation to form only 2-D structures. In this regard, 
nanoparticles, nanorods [37], nanoflowers [38], etc. can be fabricated. Thus, com-
pared with other methods described above, it provides higher flexibility in achieving 
the desired composition as its adjustment can be correlated with surface morphol-
ogy. For example, it was discovered that “thin folding leaves” of nanoflowers are 
highly attractive to accommodate various defects [38].

8.2.4.4  Other Methods

Definitely, fabrication of defective MoS2 and WS2 can be achieved via more strate-
gies than described above. However, they cannot be discussed fully here due to the 
limitation of pages. Nevertheless, several most distinguish approaches are necessary 
to be mentioned briefly as to provide general overview regarding current progress in 
synthesis of defective MoS2 and WS2. For a more detailed discussion, readers are 
suggested to search for appropriate and relevant literature.

Fig. 8.3 Effects of precursor pre-treatment on the vapor deposition of WS2 monolayers. (Reprinted 
from Ref. [32]. Copyright 2019, The Royal Society of Chemistry. Available under Creative 
Commons Attribution-Non Commercial 3.0 Unported License, https://creativecommons.org/
licenses/by- nc/3.0/)
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 (a) Ball Milling. Ball milling is considered as post-synthesis treatment that can be 
applied to fully stoichiometric and relatively ideal nanostructures for introduc-
tion of specific defects within their structure accompanied by certain level of 
disorder. Simply to say, this processing is considered to be very violent due to 
mechanical interactions with stainless steel balls under large rotational speed. 
In addition, it is accompanied by rising of temperature up to 1000 K within very 
localized domains thus easily breaking the periodic arrangement of atoms caus-
ing some of them to be rapidly evacuated. It degrades the overall quality of 
crystal lattice. For example, Li et al. [39] demonstrated that applying milling at 
400 rpm for 24 h in an atmosphere of argon resulted in transformation of MoS2 
nanosheets into highly defective compounds filled with large number of S 
vacancies.

 (b) Thermal Decomposition. Chemical decomposition of certain chemicals cata-
lyzed by increased temperatures of surrounded environment is considered to be 
a simple and very attractive approach to prepare nanoscaled MoS2 or WS2 with 
desired stoichiometries and 2-D architecture. The obtained structures usually 
represent powder-shape composition that can be easily collected or film-like 
arrangement supported on specific substrate. The introduction of defects and 
specifically their classifications and consequent concentrations are fully 
depended on the conditions of this processing such as changes in type of atmo-
sphere and which temperature is used during it. Also, correct choice of chemi-
cals employed as precursors play an important if not the main role [40]. This 
method is perfectly applicable to realize deficiency or excess of sulfur within 
the fabricated materials.

 (c) Electrochemical Desulfurization. Electrochemical desulfurization can be 
ascribed as facilitating the formation of sulfur vacancies within layered MoS2 
[41] and possibly WS2 by using them as working electrode during linear sweep 
voltammetry process. The choice of applied potentials and sweeping speed 
determines how many and how fast sulfur atoms are going to leave the surface 
of these materials and also the stability of remaining empty sites.

8.2.5  Properties of Defective MoS2 and WS2

8.2.5.1  Structural Properties

Formation of intrinsic defects in MoS2 and WS2 depending on their nature, concen-
tration, and distribution results in certain adjustment of its structural characteristics, 
their evolution, and possible extension. Particularly, taking MoS2 as an example, it 
was determined via theoretical simulation that the presence of VMo and VS induces an 
outward and inward relaxation of its near neighbor atoms, respectively [14]. As the 
latter defect can be introduced much easier and its existence as individual specie is 
more thermodynamically favorable, the discussion below is mostly referred to it. 
Firstly, the presence of VS is supposed to result in decrease of S-Mo-S angle that, in 
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turn, results in contraction of the lattice constant which was confirmed via positive 
shift of (002) characteristics peak in XRD pattern [42]. Secondly, this defect, in turn, 
causes the increase of interlayer distance, as it was, for instance, revealed by Geng 
et al. [43] who demonstrated that this value was changed from 0.61 nm to that rang-
ing from 0.63 to 0.66 nm. It is suggested that observed irregularity of this value could 
be attributed to the different level of S-deficiency within adjusted layers. Thirdly, 
deviation in stoichiometry within the surface of MoS2 might cause the breakage of its 
thermodynamic equilibrium. It results in perturbation of mass that eventually results 
in developing the increased roughness or appearance of additional edge sites, dislo-
cations, distortions, and even segments with disordered structure on the outside layer 
[44, 45]. It has to be noticed that very similar observation regarding the evolution of 
structure due to presence of sulfur vacancies can be attributed to WS2. Specifically, it 
was also observed that introduction of these defects leads to increased interlayer 
distance as well as development of surface composition with higher roughness 
accompanied by presence of clearly visible discontinuous nature [46].

8.2.5.2  Optical Properties

Optical characteristics as well as band gap of MoS2 and WS2 have clear dependence 
on the presence of defects as their types and concentrations determine the range of 
observed changes. Overall, the following particulates are determined for these cor-
relations. For simplifying this discussion, mono- and several-layered MoS2 are 
taken as typical structure. Firstly, theoretical simulation revealed that with the pres-
ence of VS, the band gap becomes slightly narrowed and relatively similar for all 
accessible charge states [14] (Fig. 8.4a, red curve). In turn, experimental evidence 
confirmed that this is indeed the case as the absorbance edge was extended toward 
near-infrared region within wavelength range of 750–1100  nm [44] (Fig.  8.4b). 
Furthermore, there is also high possibility that more photons become trapped within 
the defective MoS2 given that its surface has higher roughness accompanied by the 
presence of dislocation and distortion thus increasing the absorbance strength. 
Secondly, it was discovered that introduction of sulfur deficiency might lead to the 
transformation of direct band gap in monolayered MoS2 back into indirect one simi-
lar to that of its bulk counterpart [47]. The origin of this transition was referred to 
the contraction of the neighboring atoms around the empty S site and appearance of 
local state within the band gap. Thirdly, evacuation of molybdenum atoms and con-
sequent formation of VMo also can reduce the width of band gap. Yet, compared with 
that of VS, the observed decrement is more dramatic since the resulted distance 
between valence and conduction bands might become even lower than that of its 
bulk counterpart and reaches the minimum value of ~0.95 eV [14] (Fig. 8.4a, blue 
curve). In addition, this value has linear dependency with the change of VMo charge 
state. Finally, as an explanation of reduced band gap in S- and Mo-deficient MoS2, 
Feng et al. [47] proposed model via density of state that introduction of both types 
of defects might activate the expansion of conduction and valence bands, respec-
tively, toward lower energies given the position of their transition levels.
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8.2.5.3  Electronic Properties

Formation of various types of defects, specifically sulfur vacancies, in MoS2 and 
WS2 leads to development of additional mid-energy states within band gap which 
concrete positioning with respect to conduction and valence bands and the role they 
take in governing the presence and consequent transportation of electrons and holes 
are determined by their certain and defined particularities such as charge state, geo-
metrical configurations, etc. Specifically, taking MoS2 as an example, it was discov-
ered that introduction of neutral sulfur vacancies results in appearance of two defect 
states located within the valence band and in the upper part of band gap. The first 
one is considered to be fully occupied, while the latter one enables to accept elec-
trons thus transforming the VS into – or −2 charge states. Needleless to say that 
transition levels associated with them are located close to conduction band which 
sometimes lead to mispresenting VS as donor-like defects while, in fact, it is consid-
ered to be deep acceptors given how far the corresponding Fermi level is located 
with respect to the valence band. The higher the charge state of this defect, the 
higher the position of the corresponding transition level in the band gap [11] as it is 
gradually approaching conduction band following the increment of Fermi level 
even though some authors provide opposite opinion [14].

In turn, VMo is also generally determined to be an acceptor which existences in 
neutral form is considered to be the most stable as it satisfies the position of Fermi 
energy located within the middle of band gap (~0.9 eV). The appearance of this 
defect is accompanied with the development of five energy states within the band 
gap. Out of them, only three states, namely, one double and one singlet, are consid-
ered to be unoccupied and thus enable to accept an electron and contribute to its 
transfer [11]. Following it, VMo might be presented in the form of other charges 
which correspond to the various shift of Fermi energy toward conduction band and 
consequent strengthening of n-type conductivity. For example, (0/−1) and (−1/−2) 
transition levels were reported to be located at ~1.1 eV and ~1.5 eV, respectively, 

Fig. 8.4 (a) The calculated band gaps for perfect monolayer MoS2 and defective monolayer MoS2 
with charged vacancies. (Reprinted from Ref. [14] with permission from Elsevier. Copyright, 
2014) (b) UV-vis-NIR absorbance spectra of C-MoS2 (conventional) and SV-MoS2 (filled with VS) 
samples. (Reprinted from Ref. [44] with permission from American Chemical Society. 
Copyright 2020)
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from maximum of valence band regardless of which conditions, S-rich or Mo-rich, 
were applied [17]. In this regard, VMo is considered to be deep acceptor similar to 
that of VS and serves as compensation centers. As for VMo with −3 and especially −4 
charge states, their appearance is only possible when Fermi level is moved inside 
the conduction band, and thus these defects are very rare phenomena as it is satisfy-
ing highly degenerated structure.

It has to be noticed that alternative view exists on the positioning of VMo in the 
band gap of MoS2. Feng et al. [14, 47] revealed via theoretical framework that cor-
responding defect levels associated with this vacancy are fully localized in the lower 
part of band gap relatively close to the valence band. In this regard, it was proposed 
that as the Fermi level increases ranging from 0.11 to 0.69 eV, the formation ener-
gies of Mo vacancies decrease following the consequent changes in the negative 
charge states. Accordingly, VMo (0), VMo (−1), and VMo (−2) were identified to have 
low stability which means they are less available, while VMo (−4) was regarded as 
the most thermodynamically favorable specie in MoS2. It is noted that this scenario 
is applicable to oxidizing conditions. Thus, it is evident that additional experimental 
evidence is highly necessary to identify which scenario is more plausible.

Mo interstitials usually exist in the neutral form that is considered to be the most 
stable configuration over wide range of Fermi level [11]. Its appearance in MoS2 is 
accompanied by development of three states in the band gap out of which the one 
that is located close to the conduction band and identified as doublet was calculated 
as the only one that is unoccupied [17]. Thus, given donor-like characteristics of 
Moi, it enables to accept hole. This process leads to ionization of this defect into 
(+1) charge state accompanied by appearance of corresponding transition level in 
band gap which is laid relatively close to valence band. In turn, formation of S inter-
stitials results only in development of occupied deep levels that determine the exis-
tence of this defect only in the neutral form. Thus, its presence has almost no 
influence on the structure or changes of band gap.

The important remark that the above discussion regarding the changes in elec-
tronic structure of MoS2 can be attributed to WS2 yet with certain reservation as 
positioning and numbering of newly created mid-gap states which are accompanied 
by the presence of specific defect has slight difference among these materials. For 
example, VS in WS2 results in appearance of two defect states [22] that in turn might 
be classified as consisting of certain number of closely located sub-bands as they are 
distributed within the range of ~0.02 eV [48]. In turn, energy levels associated with 
the presence of W vacancy in WS2 are laid slightly closer to valence band than that 
of M vacancy that existed in MoS2, which makes the former defect to have higher 
p-type orientation [24].

8.2.5.4  Electrical Properties

Introduction of various defects has great correlation with the electrical properties of 
MoS2 and WS2 as it can be used to adjust concentration and mobility of charge car-
riers thus influencing their transportation characteristics and lifetimes. Several 
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important particularities should be emphasized regarding this process. Firstly, as 
theoretical assessments of sulfur vacancies available in literature determine them as 
deep acceptors [17], their introduction might contribute to the appearance and 
strengthening of p-type conductivity given their role as compensation centers. 
Secondly, it would be also correct to say that the presence of these defects in the 
form of negatively charge states causes the localized increase of chemical potentials 
around them that inevitably lead to stabilizing the position of Fermi level close to 
conduction band. These conditions are considered to be the evidence for existence 
of persistent and strong n-type behavior [12]. Experimental results obtained via 
investigation of MoS2 fabricated by CVD with controlled level of sulfurization fully 
confirmed that introduction of VS can assist in the donation of electrons [49]. Thus, 
their overall concentration and mobility within defined volume became higher 
which resulted in net positive contribution to the conductivity. As additional remark, 
it has to be noticed that as (−1/−2) transition level is located higher than that of 
(0/−1), it is suggested that dominated presence of uniformly distributed yet meta-
stable VS (−2) would result in more apparently intensifying the role of electrons as 
main charge carriers. Thus, it is evident that there is a clear discrepancy toward 
understanding the role of VS in governing the charge carrier-related processes in 
MoS2 as in literature it is considered to have both donor- and acceptor-like charac-
teristics thus degrading or improving naturally available n-type conductivity. In fact, 
it also can be addressed to WS2 which has very similar controversy. Thus, there 
must exist certain boundary conditions which determine and distinguish the func-
tion of VS as annihilation or contributing centers for negatively charged carriers. To 
partially resolve this issue, the following explanation of this phenomenon can be 
proposed [50]. Simply to say, at low or medium concentration, VS plays the role of 
acceptors and thus stimulates the appearance of p-type behavior as electrons are 
accumulated around these defects; thus, their movement within crystal lattice 
becomes limited. It reduces their participation in overall conductivity. Yet, as more 
sulfur atoms continue to release, the gradual metallization begin to appear in MoS2 
and WS2 which means that the role of M and W atoms, respectively, as charge cen-
ters is enhanced, and it follows steadily increased number of saturated electrons 
around them. The same process occurs, for example, in ZnO when significant part 
of oxygen is removed, and it gradually reduces into metallic Zn [51]. Theoretical 
simulation [50] predicted that concentration of VS equaled to 6.3% and 1.8% for 
MoS2 and WS2, accordingly, was designated as enough for enabling these defects to 
show evidence of donor-like characteristics as enhanced presence led to reducing 
their contribution into p-type behavior by initiating its progressive transition 
(Fig. 8.5). It is of interest that the more the VS introduced, the more evident the split 
of unoccupied related defect level in MoS2 and WS2 and the closer their Fermi level 
is located to conduction band. Thirdly, the co-existence of VS with neutral and nega-
tive charge states might result in  locally inhomogeneous surface potential which 
causes charge scattering and degradation of carrier mobilities [12], hence down-
grading their transportation characteristics due to increased recombination rate. 

8.2 Intrinsic Defects in MoS2 and WS2



268

Fourthly, Mo and W vacancies are considered to be deep acceptors; thus their pres-
ence would also influence but not directly on establishing and preserving strong and 
evident p-type conductivity [24]. Yet, it is a very controversial issue as opposite 
opinion exists in literature. For example, Zheng et al. [52] investigated Mo defi-
ciency in MoS2 via DFT calculation and revealed that its introduction results in 
appearance of states above valence band that are fully filled. Based on this, it was 
concluded that in this case “holes can hardly be generated.” Fifthly, other defects 
also can play a certain yet very limited role in governing the electrical properties of 
host materials. Taking MoS2 as example, it is determined that Mo interstitials and S 
antisites are evaluated as deep donors, while Mo antisites take the role of deep 
acceptors. Thus, they only serve as compensation centers. Furthermore, given their 
high formation energies regardless the applied environment [11], their existence in 
MoS2 is very limited, and thus the overall contribution to establishing and strength-
ening of the relative type of conductivity is very minor. It has to be noticed that the 
presence of S interstitials is ignored despite its low formation energy as the only 
stable charge state in which it can exist is neutral. Thus, none of intrinsic defects 
have shallow-like characteristics, and this role could be assigned to various impuri-
ties existing in MoS2 and WS2.

Fig. 8.5 The effect of V1S (single sulfur vacancies) density in MoS2 and WS2 on interface charge 
transfer. The charge transfer amount is represented as per surface Au atom to allow comparison 
between different defect densities. Green and pink dots correspond to Au-MoS2 and Au-WS2 inter-
faces, respectively. For more detailed explanation of this figure readers are suggested to address the 
relevant publication. (Reprinted from Ref. [50] with permission from John Wiley and Sons. 
Copyright 2020)
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8.2.6  Application of Defective MoS2 and WS2 as Photocatalyst

8.2.6.1  Brief Overview

MoS2 and WS2 are considered to be non-toxic, inexpensive, environmentally 
friendly, and earth-abundant semiconductors which presence as nanoscale com-
pounds with atomically resolved composition enables to fill them with various 
important and highly desirable properties and features that could not be discovered 
in their bulk counterparts. For example, monolayered compositions of MoS2 and 
WS2 demonstrate the width of band gap equaled to ~1.8 eV and 2.0 eV, respectively, 
which make them to show sensitivity toward sufficient part of solar irradiation 
allowing to absorb light with higher wavelengths than that of other very similar 
semiconductor-based catalysis such as, for example, TaON (2.7  eV) or Ta3N5 
(2.1 eV) described in previous chapter. However, the most important positioning of 
conduction and valence bands of MoS2 and WS2 shows high suitability toward 
matching the reduction potentials of specific photocatalytic reactions such as water 
splitting or dye degradation. Thus, theoretically both materials can serve as the main 
and only utilized compound that enables to initiate and realize their proceeding. Yet, 
the experimentally observed performances are far from expected given several rea-
sons. Firstly, most of active sites that have accessibility toward absorbing required 
molecules are located at edge planes rather than basal planes. Given that these MoS2 
and WS2 are usually fabricated in the form of nanosheets or flakes, it is often the 
case that internal structure is hidden or its exposure is very limited. Secondly, it is 
also necessary to scrutinize extremely high excitation recombination ratio that is 
accompanied by weak absorption capability of the incident light [9] as substantial 
part of photons with required energies simply is avoided to be captured. Thus, the 
photocatalytic performance becomes affected since lower amount of photo-induced 
charge carriers becomes only available, and it also contributes to reducing the per-
formance making its outcome to be far from expected. Thirdly, even though electri-
cal properties of MoS2 and WS2 are superior, they are still suffering from high 
recombination rate of charge carriers as sufficient part of them is annihilated with-
out reaching the surface and participating in reaction. Thus, more efficient transpor-
tation characteristics of photo-induced electrons  and holes are required to be 
provided. Fourthly, the stability issue is also a hot topic for these materials as exis-
tence within 2-D geometries that is the mostly studied and applied forms of them in 
literature is associated with atomically scaled structure which is very sensitive to 
any changes in surrounding environment or deviation of other related factors. Thus, 
it becomes highly conducive to appearance and developing of various unnecessary 
and unavoidable defects that can lead to certain self-alteration. Ignoring to take 
them under control or properly adjusting their features might not be considered as 
correct strategy since it likely would result in extremely negative outcome. In addi-
tion, it also might worsen some of those problems mentioned above, thus transform-
ing MoS2 and WS2 into non-effective photocatalysis.
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In this regard, application of defect engineering is considered to be highly attrac-
tive and promising solution since it enables to deal with any unexpected changes in 
the chemical composition, stoichiometry, crystal lattice, and morphology making 
them to serve the required goal. Furthermore, this approach also can be used to 
design and implement conditions that trigger intentional changes in the internal 
structure in such a way that already existed properties and characteristics become 
enhanced, thus making them approach the designated and most importantly desired 
level. In turn, it also might lead to introduction of new and unexpected particulari-
ties that existence could hardly be detected within fully stoichiometric compound. 
Thus, the resulted MoS2 and WS2 could show much improved performance toward 
full realization of photocatalytic processing serving. More detailed discussion 
regarding each specific reaction is provided below.

8.2.6.2  Photocatalytic and Photoelectrochemical Water Splitting

Photocatalytic water splitting consisted of two half-reactions, namely, the hydrogen 
evolution reaction (HER) and oxygen evolution reaction (OER) which successful 
and concurrent accomplishment governs the production of hydrogen. It is a com-
plex process that involves generation of electrons and holes under light irradiation 
and their consequent transfer to the surface of catalyst for interaction with adsorbed 
molecules. As for more detailed descriptions, given the position of band gap which 
perfectly matches the redox potentials of both reactions, nanoscaled MoS2 is sup-
posed to be capable for relatively easy realization of the overall water splitting pro-
cess. Yet, to great surprise, the literature is mostly filled with reports where it is 
strictly utilized as catalyst to advance only HER reaction. The reason for such strat-
egy is very trivial. Recent theoretical study revealed that due to weak binding of the 
HO∗ and HOO∗ intermediates to surface of MoS2 and consequent appearance of 
high overpotential, accomplishment of OER via photoelectrochemical cell setup by 
using this compound results in very low catalytic activity [53]. In turn, 2-D struc-
tured WS2 was recorded to have better adaptivity toward performing this reaction 
which resulted in its higher efficiency under similar conditions (Fig.  8.6). Apart 
from other possible reasons, this outcome was referred to longer lifetime of charge 
carriers in it compared with that of MoS2 (100 vs 50 ns) [54]. In fact, mono- and 
several-layered WS2 enables to accomplish both steps and reach certain level of 
photocatalytic performance toward hydrogen production. However, it is still far 
from expected. Thus, this compound is also often used as only capable to realizing 
HER reaction since serving this role and in combination with other semiconductors, 
the obtained outcome is considered to be more attractive. It is interesting that het-
erojunction of MoS2 and WS2 demonstrated to have relatively high outcome [54].

Accordingly, application of defect engineering to modify both materials can suc-
cessfully improve their performance in this half-reaction and thus in perspective 
might push further the limitation in the efficiency that is currently set for overall 
photocatalytic water splitting. Specific particularities regarding this process are 
ascribed as follows: Firstly, evacuation of sulfur atoms from surface results in 
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changes of its thermodynamic equilibrium that causes consequent breakage of mor-
phology. It allows to appear large number of metal-based edge-like features that can 
enhance the strength of HER reaction. Secondly, as VS causes the development of 
various defect states within the band gap, their presence leads to activation and 
optimization of basal planes thus making them highly attractive for adsorbing of H 
atoms in manner that is applied to mentioned metal edges [55]. In turn, the same 
study also revealed that accompanied employment of tensile stress to S-deficient 
MoS2 can change the positions of these states by shifting them, for example, closer 
to conduction band thus leading even to higher HER activity. One should notice that 
among molybdenum sulfide-based catalysts, this outcome has been considered to be 
one of the best up to date. Thirdly, defects can significantly increase the stability of 
defective compounds toward water splitting process. Particularly, Geng et al. [43] 
revealed that HER measurements of MoS2 filled with VS demonstrated constant 
overpotential for up to 15 h, and the current density also showing minimal changes. 
Fourthly, introduction of sulfur vacancies with certain concentration can create 
dominated presence of reduced metal states that enable to increase the availability 
and mobility of electrons, thus not only enhancing their transport characteristics but 

Fig. 8.6 Photoelectrochemical activity for water oxidation of MoS2, WS2, and MoS2/WS2 B-HJ 
photoanodes: (a) linear sweep voltammetry curves and (b) chronoamperometry (+1 V vs RHE, 
under intermitted illumination) scans recorded for WS2 (blue line), MoS2 (black line), and MoS2/
WS2 bulk heterojunctions (red line) photoanodes ∼60 nm thick. (c) Illustration of photoelectro-
chemical cell components using B-NJ as example. (Reprinted from Ref. [54] with permission from 
American Chemical Society. Copyright 2017)
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also reducing the overall recombination rate. As a result, the kinetic of HER reac-
tion becomes highly improved [34].

Definitely, introduction of defects into MoS2 and WS2 can also lead to absolutely 
opposite outcome, i.e., inability to realize light-induced hydrogen production. For 
instance, Piskunov et  al. [56] stated that “induced localized states [by S and W 
vacancies] would prohibit water splitting in the proximity of defective WS2 (0001) … 
only pristine or almost defectless tungsten disulfide nanosheets can be suitable for 
photocatalytic applications.” It is not surprising as, in fact, similar observation also 
might be referred to other binary compounds such as TiO2 or ZnO where the pres-
ence of oxygen vacancies cannot always guarantee improvement of their photocata-
lytic performance. Thus, to avoid it, the application of defect engineering toward 
2-D MoS2 and WS2 should be proceeded with extreme care and proper management 
to make these compounds to show extended photoactivity toward water splitting.

8.2.6.3  Light-Induce Water Purification

Photocatalytic degradation of dyes via light irradiation is applied to remove highly 
toxic molecules from aqueous media by transforming them into various non- 
hazardous compounds such as carbon dioxide and water. Defective MoS2 and WS2 
due to their unique characteristics and features can become a promising solution for 
the enhancement of its outcome. Moreover, this processing has much higher chances 
to be effectively realized since the positions of mid-gap levels created by defects 
should satisfy less requirements to have perfect matching with redox potentials of 
respective reactions. In addition, the environment at which dye degradation occurs 
does not obligate to use specific acidic or other chemical-based chemicals that are 
often necessary during water spitting in order to initiate and maintain charge trans-
fer thus providing higher stability for this processing. The mechanism of improve-
ment usually has the same origin as those described above in case of photocatalytic 
hydrogen production. For example, Lin et al. [57] investigated how the presence of 
sulfur vacancies influences the capability of MoS2 nanosheets to remove various 
dyes from water under solar irradiation. Particularly, it was revealed that complete 
degradation of methylene blue (MB) by fully stoichiometric compound was 
achieved after 180 m of continuous stirring, while for MoS2 filled with VS, it required 
only 7 min to reach similar outcome. It represents nearly 25-fold improvement. In 
turn, when MB was replaced by more stable methylene orange with the same con-
centration and volume, its almost full degradation (~98%) by VS-MoS2 was realized 
only within 3 min which was determined to be much faster than almost any cur-
rently available and reported photocatalysts. In turn, it was also discovered that 
sulfur-deficient WS2 in conjunction with other materials can effectively assist in 
antibacterial protection by removing them from water even under visible light [58]. 
This process occurs via generation of radicals and the extraction of membrane phos-
pholipids that lead to the bacterial inactivation.
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8.2.6.4  Photoconversion of CO2

Conversion of CO2 via presence of catalyst that is activated by light irradiation is an 
extremely attractive approach that can greatly lower concentration of this harmful 
gaseous compound in the atmosphere and also make it become remodeled as a 
source of various highly valuable carbon-neutral raw materials that can be used for 
chemical industry. Band gap positions of MoS2 and WS2 perfectly match the redox 
potentials of most of reactions that are involved in this photocatalytic processing, 
and thus given their ability to absorb visible light and other important characteristics, 
they might be considered as promising candidates. Yet, as this reaction involved 
OER-based step, the resulted outcome might not be considered as satisfactory. 
Following it, introduction of various defects, such as sulfur and metal vacancies, can 
contribute significantly to the overall efficiency of CO2 conversion pushing it further 
as these defects can provide more active sites for the adsorbed molecules, decrease 
overall recombination rate of charge carries, improve the ratio of absorbed photons, 
lower the band gap, etc. In this regard, the control over defect presence is highly 
important as to reach their most optimal concentration and availability. For example, 
Meier et al. [59] fabricated MoSx nanoflowers with various stoichiometries via CVD 
using different ramp rates and discovered that only at x equaled to ~1.8, the highest 
performance for CO2 photoreduction and its consequent transformation into CO was 
obtained under irradiation with visible light compared with that of samples where x 
was identified to be ~2 and ~1.6. It has to be noticed that these stoichiometries are 
referred to bulk compositions as it was obtained by energy dispersive X-ray. In turn, 
post-synthesis thermal treatment in hydrogen at 480 °C for 30 min was applied to 
MoS1.8 to further improve its performance by increasing the overall crystal distortion 
within it as more S atoms become removed from the surface. It resulted in exposure 
of additional active edges. Thus, the obtained structure demonstrated two times 
higher CO yield compared with that of untreated sample [59].

8.2.6.5  Other Applications

Apart from the above-mentioned well-known and recognizable photocatalytic reac-
tions where defective MoS2 and WS2 can be applied, it also can be used successfully 
in other less studied but nevertheless also highly important light-induced processing.

 (a) Photocatalytic Nitrogen Fixation. Following recent report of Sun et al. [60], it 
was revealed that O-doped MoS2 nanosheets can demonstrate higher activity as 
co-catalysts  than that of Pt to assist in the photocatalytic nitrogen fixation of 
CdS nanorods. The origin of this improvement was attributed to the presence of 
S vacancies which resulted in higher electronic conductivity, consequent 
appearance of more active edge sites, improved specific surface area, enhanced 
visible light absorption, and reduced charge separation rate compared with that 
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of fully stoichiometric MoS2. Consequently, the resulted composite exhibited 
an outstanding production rate of ammonia equaled to 8220.83 μmol L−1 h−1 g−1 
and long-term stability under simulated solar light irradiation, in fact, signifi-
cantly higher than that of pure CdS nanorods, CdS-Pt of defect-free MoS2-CdS.

 (b) Photocatalytic Reduction of Cr (IV). Sun et al. [61] revealed that MoS2 filled 
with defects demonstrated nearly 1.5-fold higher activity toward photocatalytic 
reduction of Cr (IV) compared with that of fully stoichiometric sample 
(Fig. 8.7a). The origin of this improvement was referred to the introduction of 
disorder composition that led to enlargement of interlayer spacing (Fig. 8.7b, 
c). It allowed to significantly improve the insertion of the chromium ions, to 
enhance the exposure of the active sites, and also to advance the ion diffusion. 
In addition, the formation of mesoporous structure in defective MoS2 nanosheets 
(Fig. 8.7d, e) resulted in almost twofold enlargement of surface area taking fully 
stoichiometric sample as standard, and thus more reactive sites can be 
accommodated.

Fig. 8.7 (a) Comparison of the removal of Cr (VI) using D-MoS2 and N-MoS2. Cross-sectional 
HRTEM image of (b) D-MoS2 and (c) N-MoS2. FESEM images of (d) D-MoS2 and (e) N-MoS2. 
D-MoS2 and N-MoS2 represents defective and fully stoichiometric compounds, respectively. 
(Adapted from Ref. [61] with permission of The Royal Society of Chemistry (RSC) on behalf of the 
Centre National de la Recherche Scientifique (CNRS) and the RSC. Copyright 2018)
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8.2.6.6  Current Challenges and Future Perspectives

As a visible light-sensitive photocatalyst, MoS2- and WS2-based nanostructured 
materials have been extensively applied in various photocatalytic processing, such 
as hydrogen production, dye degradation, CO2 conversion, etc. However, despite 
their very attractive and great characteristics, it was revealed that rapid recombina-
tion of light-induced charge carriers, limited presence of active edge sites, and low 
mechanical and chemical stabilities due to atomic-scale compositions are the main 
obstacles that prevent the high performance of these materials. To address these 
problems, it was suggested to use defect engineering which correct and successful 
adaption not only might lead to advancement of basic properties of these materials 
but also results in appearance of new and unexpected yet highly desirable features 
that presence can only be extended further the existed boundaries and limitations in 
photocatalytic application.

For example, MoS2 filled with sulfur vacancies and supported by applied tensile 
stress that is used to adjust newly created mid-gap states demonstrated one of the 
highest efficiencies for HER reactions achieved so far [55]. In turn, performance of 
oxidation-based reactions, namely, OER, is still extremely low, and it is very far 
from any expectations as there is high overpotentials associated with this reaction. 
Thus, if MoS2 or WS2 are used to proceed the overall photocatalytic process includ-
ing all intermediate steps, its outcome is insufficient and often cannot be compared 
with that associated with other recognizable materials such as Ta3N5 or 
TaON. Definitely, they still can be used as co-catalyst or in combination with other 
structures thus creating complex compositions. Yet, this pathway might not be con-
sidered as optimal. Firstly, as overall reaction rate, for example, for water splitting 
is determined by both half reaction, thus improving only HER outcome would not 
ultimately mean that production of hydrogen in this case becomes significantly 
higher. To achieve it, the catalyst which is responsible for proceeding of OER reac-
tion also is supposed to show high and prolong activity. Secondly, this geometry 
requires additional efforts such as searching, adoption, development, and applica-
tion of proper synthesis procedure, etc. which brings more complication and time/
resource consumption thus making the attractiveness of these complex composi-
tions very questionable.

In this regard, it is suggested that defect engineering can greatly assist in over-
coming problems associated with OER as it was shown that using the changes in 
intrinsic structure enable to effectively increase the performance of MoS2 and WS2 
toward progressing this reaction without using external materials or chemicals. As an 
illustration, sulfur vacancies improve into several times the productivity of overall 
CO2 photoconversion process [59] that includes both reduction and oxidation steps. 
Even though it is a local success, however, it shows the direction where the current 
progress can move. Thus, as application of defect engineering toward these materials 
is a very novel and only recently discovered topic, there is more unknown laid ahead 
compared with already obtained knowledge. Following it, deeper and more extended 
investigation is in a great need as to understand how far the photocatalytic activities 
of MoS2 and WS2 toward performing overall reaction can be advanced.

8.2 Intrinsic Defects in MoS2 and WS2



276

8.3  Final Remarks About Defective MoS2 and WS2

Investigation of nanoscaled MoS2 and WS2 has very short history as their unique 
properties and characteristics were discovered only very recently. Initially, it was 
generally accepted that production of completely crystallized and fully stoichiomet-
ric compounds is the most effective method to reach their best characteristics and 
features. Thus, it can be effectively utilized in boosting further the productivity of 
photocatalytic processing. In turn, later discoveries revealed that defects introduced 
in proper way and adjusted accordingly to accurately determined strategy and pat-
tern can provide more benefits as the accompanied evolution of structural and 
chemical properties enables to control other important characteristics such as charge 
transportation, activation, and optimization of adsorbed molecules, etc. Yet, defect 
engineering approach still suffers from specific uncertainties which prevent its full 
and accurate implementation toward both MoS2 and WS2. Firstly, it is still debatable 
how the presence of VS might influence the strengthening and increase of n-type 
conductivity given that these defects have acceptor-like characteristics and are sup-
posed to cause an opposite effect. Even though some mechanism was proposed via 
theoretical simulations [50], experimental verification is highly necessary as to fully 
support them. Secondly, most efforts in literature are designated to investigation of 
defective MoS2, while WS2 which has better electron mobility and higher chemical 
and mechanical stabilities is studied in much less extent. Thirdly, the application of 
both materials filled with intrinsic defects other than sulfur vacancies is seldom 
reported in literature with regard to its application in photocatalytic reactions. For 
instance, ZnO has interstitials which play a crucial role in this processing. It would 
be great to obtain the same knowledge regarding nanoscaled MoS2 and WS2. 
Fourthly, given that synthesis of both materials can allow to fabricate structures that 
extend single monolayer and even reach formation of 1-D and 3-D compositions, it 
would be of interest to understand the specific characteristics and features of surface 
and bulk defects and how their localized appearance can be used to adjust their 
features and influence on performance as this topic is very seldom discussed in lit-
erature. Fifthly, as sulfur and metallic vacancies are one of the most dominant 
defects and given their acceptor-like characteristics, it will be of interest to see the 
synthesis of WS2 and MoS2 with intrinsically supported p-type conductivities 
accompanied by detailed investigation of their relevant properties and photocata-
lytic activities. Definitely, given that these acceptors are deep, additional negatively 
charged centers might be necessary in order to assist in realization of this transition.

Thus, given the above-mentioned, it is evident that the already existed accumula-
tion of knowledge about defective MoS2 and WS2 cannot be considered as defined 
and finalized since there still exist a lot of questions which need to be answered. 
Thus, continuous efforts are required, and it is expected that many new and exciting 
findings are still awaiting ahead to be discovered.

8 Case Study IV: Defect Engineering of MoS2 and WS2
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Chapter 9
Defect Engineering of Other 
Nanostructured Semiconductors

9.1  Introduction

As photocatalytic reaction is considered to be complex, multistep processing, the 
material which is going to be applied for its activation and consequent optimization 
should demonstrate the accumulation of various features such as capability to 
absorb visible light, suitable positions of conduction and valence bands with respect 
to redox potentials, low recombination rate of charge carriers, their perfect transpor-
tation characteristics and kinetics, chemical and mechanical stabilities, etc. In addi-
tion, it should have high affordance and abundance, relative simplicity in fabrication 
or synthesis processes, non-toxicity, and environmental friendliness. Overall, there 
is a strong believe that complete and ultimate fulfillment of these requirements 
would enable the appearance of an efficient and readily accessible photocatalyst 
which proper utilization might pave the way into the future where consumption 
industries play less role. However, despite numerous efforts, currently, it is consid-
ered as ultimate and hardly achievable goal given the difficulties and challenges that 
need to be overpassed for reaching it. Simply to say, most of the presently available 
materials that are used to proceed light-induced reactions have too many restrictions 
which prevent them from showing their best characteristics including high effi-
ciency and prolong stability. For example, widely reported ZnO and TiO2 have gap 
of ~3.2–3.4  eV; thus they show sensitivity only for irradiation with UV light. It 
limits the concentration of available photoinduced electrons and holes that can be 
used to react with adsorbed molecules. In turn, Ta3N5, despite capability to absorb 
significant part of solar spectra, suffers from chemical instability and high 
overpotential.

In this regard, it is evident that certain modifications of materials are required to 
be implemented in order to advance their performance. Out of all available tech-
niques and methods that can be employed to make it, defect engineering has been 
considered as one of the most attractive approaches to serve this goal given its 
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simplicity and accessibility. To be clear, reorganizing the periodical atomic arrange-
ment within crystal lattice, playing with stoichiometry, or adjusting chemical com-
position within specific range is enough to strengthen the most significant and useful 
characteristics of target material. Following it, the overall performance can increase 
greatly hence allowing to approach one step closer toward satisfying the most 
demanding requirements for achieving the desire efficiency. However, it is neces-
sary to consider one important issue. Given that for years the concept of “ideal 
structure” has been dominated in literature, this approach becomes applied only 
recently. Thus, it is unsurprising that the most intensive development of defect engi-
neering for the present is generally associated with its employment toward modify-
ing already established and widely recognizable photocatalysis. To put it simply, 
numerous studies and review are available in literature that are fully or partially 
dedicated to understanding, investigating, and utilizing of defective TiO2, ZnO, 
MoS2, and other related well-known compounds and structures.

Accordingly, it would be also very interesting to determine how intentional intro-
duction of intrinsic defects can be implemented to advance other less accessible and 
studied but nevertheless also very attractive materials that also have great potentials 
to be used as photocatalysis. In fact, some of them possess very unique and highly 
desirable characteristics that existence and consequent enhancement are directly 
associated with geometrical and electronic structures. However, their full and non- 
limited contribution to overall performance often is limited as it been shadowed by 
the presence of certain and defined shortcomings or handicaps. Hence, these materi-
als are regarded as low-active, non-stable, or having important specifications beyond 
certain acceptable standards which make them to be unable for showing the required 
performance. It leads to reduced interest toward them which is expressed in conse-
quently slower and less sophisticated development of their features. In this regard, 
it is believed that defect engineering can be employed to effectively increase their 
applicability and attractiveness.

9.2  Methods to Introduce Intrinsic Defects: Recent Trends 
and Future Perspectives

Current achievements in introducing various intrinsic defects can provide very wide 
spectrum of different approaches and techniques that can be utilized to obtain the 
required composition within almost any type of materials regardless its attribution 
to binary or ternary compounds; presence of oxide, sulfide, or other chemicals 
within its composition; or existence of defined particularities in chemical composi-
tion. Consequently, more precise adjustment of relevant parameters and tuning of 
certain settings can be used to reach even higher level of precisions with respect to 
the scope of produced changes and their association with the appearance of desired 
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characteristics and features. It is commonly accepted that synthesis or post-synthesis 
treatment is the most utilized approaches to realize these protocols, and there is not 
so much difference in quality and outcome with respect to applicability of both of 
them as their specified and designated influences are determined mostly by the 
essence of materials as well as the scope and nature of resulted transformations. For 
example, formation of non-metallic vacancies in MoS2 and TiO2 via evacuation of 
relevant atoms would follow very different mechanisms given dissimilarities in 
chemical composition of both materials even though the same approaches can be 
used to create them.

Recent trends toward continuous production of nanostructured materials leads to 
gradual appearance of certain very critical and extremely strict requirements for 
introducing defects. Simply to say, this process should be considered in terms of its 
straightforward and prosperous adaptation along with suitability toward expected 
industrial implementation, and it is often the case that methodologies which cur-
rently are developed and successfully utilized within the laboratories might show 
less practicability outside of them. It might refer to various factors such as utiliza-
tion of complex multistep agenda, application of very dangerous and thus difficult 
to handle chemicals, inability to form strictly defined and highly specific composi-
tion within limited number of experimental attempts, etc. In this regard, it is believed 
that the future of creating defect structures is laid in their direct synthesis via only 
single fabrication step by using the approaches that allow to achieve precise control 
over morphology, crystal structures, and stoichiometry at the level when these 
changes take the form of very accurate quantitative adjustments within defined 
range and dimension. Following it, one might consider that chemical and atomic 
vapor deposition (CVD and ALD, respectively) has a very high compliance with 
these requirements. In fact, their proper employment makes the formation of defec-
tive composition being presented in analogy of cooking a cake where the parame-
ters of fabrication process such as choice of proper precursor, its concentration, and 
pressures take the role of various ingredients utilized for preparing drought, while 
the adjustments of conditions within the reaction chamber can have parallel to tun-
ing the regime of baking oven. Furthermore, full automatization can effectively 
address the question of repeatability and reproducibility granting possibility to min-
imize human error and influence of other related factors.

However, one has to admit that it is a far-reaching dream as currently CVD- and 
ALD-based processes are regarded to be highly demanding, expensive, and thus 
often unaffordable technologies. Accordingly, chemical-based fabrication or other 
related approaches along with post-synthesis treatment are still very popular rou-
tines to be used given their accessibility and evident simplicity of each step which 
accounts for their widespread. Thus, main information regarding defect composi-
tions up to the present is mostly obtained by them. Yet, it is believed that proper 
optimization and adaptation of CVD or ALD processes might very soon change 
this trend.

9.2 Methods to Introduce Intrinsic Defects: Recent Trends and Future Perspectives
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9.3  Defect-Controlled Properties: Tuning and Adjustment

Formation of defective compositions or deviations in stoichiometry within the tar-
get material often results in certain modifications of its characteristics and features 
leading to their advancement or oppositely causing them to be degraded. The fol-
lowing trends are generally defined.

Changes in Structural Properties The presence of intrinsic defect especially in 
the form of vacancies can cause the shrinkage or expansion of crystal lattice, 
depending on whether the anion or cation-like atoms were evacuated. It also leads 
to appearance of disordered or distorted highly localized compositions. In turn, the 
overall roughness of surface can increase significantly accompanied by develop-
ment of mesoporous composition or exposure of internal and previously hidden 
structural features. To realize these modifications, it is suggested that formation of 
defects is supposed to be proceeded within the surface or sub-surface layers as shift-
ing their residence deeper to the bulk might result in opposite trend, i.e., reducing 
the specific surface area.

Changes in Optical Properties It is generally accepted that materials filled with 
defects enable to show extended optical characteristics. This improvement can be 
attributed to several origins. Firstly, there are appearance of additional energy states 
within the band gap that localized close to valence or conduction bands resulting in 
their expansion. Hence, the shift of absorption edge toward visible or infrared wave-
length can be observed. Secondly, it is also suggested that these additional mid-gap 
states can serve as step for electrons to travel between valence and conducted band 
thus allowing to utilize photons with lower energies. Thirdly, higher porosity of 
surface morphology mentioned above can contribute greatly to increasing the trap 
of light.

Changes in Electronic Properties The type of defects and its charge states and 
also the nature of material determine the exact positions of corresponding energy 
states in band gap with respect to valence or conduction bands as well as their 
defined influences on transportation characteristics of charge carriers. In this regard, 
it might be difficult to establish general description and classification that could be 
commonly accepted and recognized as there are a lot of exceptions and abnormali-
ties regarding each investigated system thus making their comparisons and system-
atizing to be challenging. For instance, it is widely accepted that in binary materials, 
especially the ones that have oxygen as its part, anion and cation vacancies are 
identified to represent donor- and acceptor-like characteristics which are ascribed 
by the appearance of corresponding localized energy states close to conduction and 
valence band, respectively. This classification is perfectly applied to ZnO or TiO2 
where transition levels associated with oxygen deficiencies were determined to be 
located in the upper part of band gap. In turn, MoS2 is drastically different since 
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even though S vacancy has very similar positioning of its transition within band gap, 
yet this defect is recognized as deep acceptor that has association with appearance 
of holes (Fig. 9.1). Yet, it would be incorrect to say that ZnO and MoS2 are totally 
different as both Zn and Mo vacancies, respectively, are acceptors. Thus, it is evi-
dent that the only common ground regarding the influence of defects in the elec-
tronic structure of band gap is the formation of corresponding energy states while 
their exact specification and consequent particulates of tuning should be accessed 
very carefully and with regard to each defined material.

Changes in Electrical Properties It is evident that correctly chosen defects can 
serve a highly positive role in making a beneficial and crucial contribution toward 
increasing the conductivity of material as their introduction and proper manage-
ments can be used to enhance concentration and mobility of desirable type of charge 
carriers. As an illustration, oxygen vacancies in most of binary oxides show shallow 
donor-like characteristics; thus their presence usually leads to the strengthening of 
n-type behavior. In turn, introduction of acceptor-like defects and their dominance 
might cause the appearance of n → p transition which can be realized in the form of 
localized domain or include whole body of material. Yet, it would be incorrect to 
assume that the more defects, the more enhanced the corresponding conductivity 
becomes. In fact, under improper management, they can be transformed into trap-
ping center that increases the recombination of charge carriers or makes other nega-
tive impacts. As a result, the material might lose its semiconductor nature and 
become an insulator.

Conduction band 

Valence band

(+2/0) translon level

Oxygen vacancy Sulfur vacancy

(0/-1) transition levelVS

Zinc oxide (ZnO)
Molybdenum sulfate 

(MoS2)

S and Mo vacancies - acceptors 
Valence band

Conduction band 

O vacancy – donor

Zn vacancy – acceptor

Fig. 9.1 Schematic representation of transition level associated with oxygen and sulfur vacancies 
in ZnO and MoS2, respectively
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9.4  Defective Nanostructures: Examples

9.4.1  Brief Overview

Introduction of defect within various nanostructured materials usually follows very 
similar trends as the only parameter which defines the applicability and uniqueness 
of certain and defined strategy toward realization of changes within their internal 
compositions, and subsequent influence on photoactivity is usually associated with 
specific features of geometrical and electronic structures. Thus, employment of this 
approach toward each particulate chemical system is very delicate and even in some 
way an intimate process and cannot be considered to follow once established and 
approved course if only within very general and broad terms leaving aside specifica-
tions toward certain details. Its means that in the absence of deep and thorough 
awareness to properly access and understand the presence of defects, it might lead 
to absolutely opposite results, and instead of creating highly effective photocatalyst 
with desirable characteristics, the development of compound that has partially or 
even fully degraded features causing the reduced performance can be proceeded 
instead. The borderline which separates both consequences and thus is used to iden-
tify the plausibility and relevance of changes within structure and compositions is 
defined by nature and characteristics of intrinsic defects such as their position in the 
band gap with regard to conduction and valence bands, which  charge states has 
higher dominance, type of interaction with already existed charge carriers, etc. For 
example, it is evident that deep donors and acceptors mostly have very little contri-
bution to the improving and strengthening of overall conductivity if only to serve as 
compensation centers. Furthermore, their extreme presence might lead to their 
transformation into centers that trap and consequently recombine charge carriers. 
Thus, their existence can lead to more harm than profits, and for the rare exemp-
tions, they should be avoided.

The above-mentioned is especially important given that only limited information 
is accessible regarding the achieved progress toward applicability of defect engi-
neering to advance less-studied materials such as C3N4, WO3, Fe2O3, etc. that are 
often considered to be attractive alternatives and very promising substitution to 
already well-known and widely available photocatalysts. Hence, it might be diffi-
cult to identify how the proper management of their internal structure can be real-
ized effectively so that the correlated changes in characteristics and properties 
would surely lead to positive impact and consequently increased performance, thus 
avoiding the possibility toward occurrence of any negative effect. In this regard, it is 
necessary to fully address each of these materials as to demonstrate particularities 
that are associated with introduction and further control of intrinsic defects 
within them.
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9.4.2  Case Example I: g-C3N4

9.4.2.1  g-C3N4: Fundamentals

The graphite-like carbon nitride (g-C3N4), a metal-free n-type polymer-like semi-
conductor, is considered a very promising candidate to serve the role of an efficient 
photocatalysts given its various attractive properties and characteristics. This mate-
rial is determined to have stacked two-dimensional layered planar structure regarded 
as N-substitute graphite framework which contains p-conjugated systems formed 
by sp2 hybridization of carbon and nitrogen atoms [1]. Similar to other 2-D material, 
van der Waals force holds the stacking layers together, and each layer is composed 
of tri-s-triazine units connected with planar amino groups [2]. The distance of two 
layers in g-C3N4 is 3.26 Å, and it is slightly denser than the packing in crystalline 
graphite (d = 3.35 Å) which is explained by altering the localization of electrons and 
strengthening the binding between layers due to nitrogen atom substitution [3]. The 
following particularities are associated with this material. Firstly, g-C3N4 is consid-
ered to have high accessibility and affordance as it is composed of earth-abundant 
elements. It also has high biocompatibility and non-toxicity. Secondly, strong cova-
lent bonding between carbon and nitrogen atoms allows g-C3N4 to demonstrate emi-
nent chemical and thermal stability. To be clear, despite its polymeric nature, the 
decomposition process only can be activated after the temperature of the surround-
ing reaches over 600  °C [2]. Thirdly, this material can be fabricated by using 
extremely cheap and easily available precursors via very simple synthesis route and 
procedures. Fourthly, g-C3N4 has moderate width of band gap equaled to ~2.7–2.8 eV 
that allows to absorb light with wavelength up to 450–460 nm. In this regard, it is 
especially attractive that the positioning of both conduction and valence bands suits 
well the redox potentials of various photocatalytic processing such as water spiting, 
CO2 reduction, etc. allowing to realize them without presence of additional co-
catalyst. Fifthly, electronic and optical characteristics can be easily modified and 
adjusted by changing the number of layers that contribute to its structure [4].

Yet, along with these advantages, g-C3N4 also possesses several crucial draw-
backs that significantly influence the efficiency of its utilization as photocatalysis 
such as high electron-hole recombination rate, still insufficient visible absorption 
(above 460 nm), low surface area (∼10 m2/g), small number of active sites for inter-
facial photoreactions, slow surface reaction kinetics, moderate strength for oxida-
tion, and low charge mobility [5]. Additionally, given the position of valence band, it 
is evident that photo-generated holes of C3N4 can only be used for oxygen evolution 
from water oxidation but not for assistance in oxidation of -OH into hydroxyl radi-
cals [6]. In this regard, proper and correct changes of internal structure and composi-
tion enable to address some of these problems. Out of all defects which can exist in 
this material, the main attention is given to nitrogen and carbon vacancies given how 
easy they can be produced, the capability to control their various particularities, and 
their consequent influence on the properties and characteristics of g-C3N4 with per-
spective to consequent usage of this material in photocatalytic processing.

9.4 Defective Nanostructures: Examples
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9.4.2.2  How to Create Defects

There are numerous methods demonstrated in literature that can be used to achieve the 
formation of defects in g-C3N4. Compared with synthesis approach, post-synthesis 
treatment has higher attractiveness as it provides better flexibility towards choosing 
appropriate strategy and also by realizing more precise control over the changes in 
stoichiometric ratio even though there is additional complexity of the process. Overall, 
several most notable routes are briefly introduced below as to provide general over-
view of recent trends in this filed. For more detailed description, readers are suggested 
to address specialized literature.

Synthesis Approaches
 (a) Thermal Condensation of Nitrogen-Rich Materials. Certain materials could be 

easily transformed into g-C3N4 after they become subjected to thermal treat-
ment. In this case, temperature and duration of this processing; the choice of 
precursors, whether it is mixed with other chemicals; etc. influence crucially on 
the presence of vacancies in resulted composition. For example, Chen et al. [7] 
demonstrated that annealing of trithiocyanuric acid instead of melamine at 
550 °C resulted in formation of sulfur-doped and nitrogen-deficient g-C3N4. In 
turn, Ding et  al. [8] revealed that relatively similar composition could be 
achieved by adding nitric acid to the starting solution.

 (b) Hydrothermal/Solvothermal Methods. Generally, application of this approach 
usually results in appearance of g-C3N4 with very low concentration of defects. 
In order to facilitate their formation and also to obtain precise control over their 
characteristics, it is suggested to use the inclusion of specific chemicals during 
preparation of solution as to facilitate the release of atoms from surface. For 
instance, it was demonstrated that addition of nitric acid to reaction solution 
during solvothermal synthesis can result in appearance of N vacancies in g-C3N4 
[9]. It is of interest that this strategy also can be applied toward already prepared 
samples serving as extra treatment protocol. Particularly, Lin et al. [10] revealed 
that fluorine-modified g-C3N4 obtained via placing it into Teflon autoclave filled 
with designated chemicals at 140  °C demonstrated the presence of nitrogen 
deficiency.

Post-synthesis Approaches
 (a) Thermal Treatment in Various Atmospheres. Annealing in various atmospheres 

including vacuum under relatively high temperatures over 200–300 °C can be 
used to introduce carbon or nitrogen vacancies into g-C3N4. In addition, it also 
has applicability of creating controlled disorder within its structure or even 
enable to greatly weaken van der Waals forces between layers and thus can 
advance even complete amorphization of fully crystalline compound that is 
accompanied by formation of short-range order atomic arrangement [11]. 
 Particulate conditions of this process such as its duration as well as choice of 
the utilized gaseous ambient, flow rate, and purity play significant role in iden-
tifying not only which type of defects is introduced but also can be used to 
control its features such as concentration and distribution. For example, 
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Yang et al. [12] revealed that the longer the time and the higher the temperature 
of treatment under HN3 atmosphere, the more the carbon vacancies produced.

 (b) Acid Treatment. Soaking of already synthesized g-C3N4 in various acids for a 
defined period of time and at designated conditions can influence significantly 
on the overall chemical composition. For instance, Pawar et al. [13] investigated 
how treatment in concentrated HCl, HNO3, and H2SO4 influences the transfor-
mation of as-fabricated g-C3N4 into nitrogen-deficient compound. It was dis-
covered that after using these acids, the C/N ratio at the surface proceeded 
changes from original value of 0.93 to 0.99, 1.01, and 1.97, respectively.

 (c) Plasma Treatment. Plasma treatment is also an effective method to create vari-
ous defects in g-C3N4. Particularly, Qu et al. [14] demonstrated that realization 
of nitrogen deficiency can be proceeded via using dielectric barrier discharge 
plasma in H2 atmosphere. It was determined that compared with traditional 
annealing processing using similar ambient, the utilization of this treatment 
resulted in higher concentration of nitrogen vacancies. In turn, Li et al. [15] by 
using very similar methodology and experimental setup determined that the 
longer the time of plasma exposure, the higher the C/N ratio.

9.4.2.3  Properties of Defective g-C3N4

Structural Properties Introduction of vacancies into this material usually results 
in significant enhancement of the roughness, development of integrated bubbly sur-
face [16], and appearance of mesoporous compositions which greatly increase the 
availability of active sites for adsorption and consequent activation of molecules. 
For example, Kong et al. [9] demonstrated that stoichiometric and non- stoichiometric 
C3N4 had specific surface area of ~5 m2/g and 52 m2/g, respectively. In addition, the 
presence of nitrogen vacancies results in changes of the lattice constant as it was 
confirmed via positive shift of (002) characteristics peak in XRD pattern [10, 16]. In 
turn, it also could be interpreted as denser stacking and decreasing of the interlayer 
distance [9]. The more vacancies are introduced, the higher is the shift. This process 
is accompanied by degradation of the crystallinity, appearance of disorder localized 
sites, and consequent vanishment of long-range order. It is interesting that forma-
tion of carbon-deficient C3N4 demonstrates the absence of any shifts in characteris-
tics peaks in X-ray diffraction pattern, and it only correlates with their reduced 
intensities regarded as decrease of periodical order [17, 18].

Optical Properties It is generally accepted that the presence of defects in g-C3N4 
greatly influences its optical properties. Yet, whether it has positive or negative char-
acter is determined by which type of them is introduced. For example, formation of 
nitrogen vacancies often results in narrowing band gap, thus leading to increased 
sensitivity toward irradiation with visible light [8]. The more drastic the changes in 
stoichiometry, the more apparent the shift of absorption edge toward longer wave-
length. In turn, carbon vacancies might lead to opposite phenomenon as their pres-
ence enables to  increase the width of band gap [17, 18]. It is also necessary to 
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mention that accompanied appearance of defect-induce mesoporous composition 
also contributes greatly to the optical sensitivity of g-C3N4 as although some of the 
photons cannot be directly consumed by this material, they might become trapped 
within the bubbly surface composition which causes their repeated reflection until 
being totally consumed. Thus, the absorption of visible light with wavelength that is 
laid beyond band gap is increased greatly in parallel for both nitrogen- and carbon-
deficient g-C3N4 (Fig. 9.2a). Finally, the presence of disorder structure or even com-
plete amorphization also significantly enhances optical characteristics of this 
material. For example, Kang et al. [11] reveled that g-C3N4 after this transformation 
showed the change of band gap value from 2.82 to 1.90 eV.

Electronic Properties As the investigation of g-C3N4 only has begun very recently, 
the information about its defective composition is very limited. Overall, formation 
of nitrogen vacancies leads to appearance of energy states located close to conduc-
tion band within the distance of 0.18–1.1 eV from conduction band depending on 
their concentration or other related factors [16, 19]. Following it, these defects can 
be identified to have shallow or deep characteristics. They also have possibility to 
bring several additional changes into electronic configuration of band gap which 
however cannot be considered as mandatory since their occurrence follow the origi-
nal experimental setup. Firstly, positions of both bands with respect to vacuum level 
can be slightly shifted up [10, 16] (Fig. 9.2b). This phenomenon can be correlated 
with altering the degree of π-electron delocalization in the conjugated system. 
Secondly, their presence potentially might result in appearance of overlapping with 
conduction band minimum causing development of band tail or shifting down its 
minimum thus, leading to reduced width of band gap. In turn, the presence of car-
bon vacancies causes the development of energy states at ~0.26 eV from conduction 
band [20]. Their existence leads to very significant edge-shifting of both valence 
and conduction bands compared with that of fully stoichiometric g-C3N4 which 
eliminates any possibility to appear the overlapping phenomena. Following it, these 

Fig. 9.2 (a) UV-vis DRS spectra of the g-C3N4 thermally treated under different temperatures in 
3% hydrogen-argon gas (inset shows the color of each sample). These samples are identified to 
have nitrogen deficiency. (b) Schematic illustration of the electronic band configuration for each 
sample, with a lighter shade of colors representing the midgap state for the corresponding photo-
catalyst. (Reprinted from Ref. [16] with permission from The Royal Chemical Society. 
Copyright 2019)
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defects are considered as deep donors which are unable to contribute into establish-
ing of n-type conductivity; yet they can serve as compensation centers assisting in 
its strengthening.

Electrical Properties It is evident that the presence of nitrogen and carbon vacan-
cies in g-C3N4 given their donor-like characteristics results in significant increase of 
charge transportation characteristics via enhancing their concentration and mobility 
and also by reducing the recombination rate thus resulting in strengthening of over-
all conductivity. In addition, it was suggested that mesoporous structures dimin-
ished interior resistance of C3N4 and contribute to the transfer of photogenerated 
carriers from bulk to surface [21] where they can participate in activation of redox 
reactions.

9.4.2.4  Photocatalytic Application of Defective g-C3N4

Defective g-C3N4 filled with nitrogen or carbon vacancies was identified to have 
greatly enhanced performance with regard to various photocatalytic reactions. In 
fact, many drawbacks which are associated with this material such as low specific 
surface area, very slow transport of charge carriers, and insufficient absorption of 
visible light could be easily addressed by properly adjusting the internal composition 
and stoichiometry thus extending them. Given very suitable positions of conduction 
and valence bands, modified g-C3N4 could be applied the following applications.

Photocatalytic and Photoelectrochemical Water Splitting It was revealed that 
introduction of carbon and nitrogen vacancies into g-C3N4 has positive influence on 
realizing this processing with higher efficiency. Yet, there is certain differences in 
the range of this improvement as it is not the same for both of these defects. 
Particularly, Li et al. [17] demonstrated that the presence of carbon deficiency led to 
twofold higher hydrogen production rate under irradiation with visible light in com-
parison with its fully stoichiometric counterpart. In turn, Tu et  al. [19] utilized 
g-C3N4 filled with nitrogen vacancies under relatively the same conditions and 
revealed that efficiency of photocatalytic reaction enhanced for ~18-fold. Such an 
impressive performance could be explained by several origins including narrower 
band gap and presence of mid-gap states closer to conduction band that enables 
greatly assistance in transportation of charge carriers.

Light-Induced Water Purifications Defective g-C3N4 is excellent photocatalysts 
for this processing as it shows very high efficiency and stability. For instance, Lin 
et al. [10] reported that degradation rate of rhodamine B (RhB) under visible light 
by g-C3N4 filled with nitrogen vacancies was up to ~3.4 times faster compared with 
that of samples with higher stoichiometry. In turn, this enhancement for carbon-
deficient g-C3N4 is less evident. Liang et  al. [22] investigated the degradation of 
bisphenol A under relatively similar conditions and revealed that the presence of 
these defects only led to nearly ~1.6 times higher efficiency.

9.4 Defective Nanostructures: Examples



292

Photoconversion of CO2 The presence of nitrogen vacancies in g-C3N4 results in 
increasing the yield of CO and CH4 as a result of CO2 photoconversion under visible 
light up to ~4.2 and ~3.16 times, respectively, versus non-modified samples [16, 
19]. Considering absolute values, these demonstrated efficiencies could be compa-
rable with outcome of some currently available most active catalysts [23]. For its 
part, carbon-deficient g-C3N4 showed lesser enhancement as the yield of CO evolu-
tion increased only for ~2.3 times using relatively similar conditions via irradiation 
by light with wavelength over 420 nm and taking stoichiometric counterpart as a 
standard [18]. In real terms, this composition also showed lower performance.

9.4.3  Case Example II: WO3

9.4.3.1  WO3: Fundamentals

Tungsten oxide (WO3) has several thermodynamic phases out of which the most 
stable formation at room temperature is the monoclinic (γ-WO3). When heated 
above 330  °C, it transforms to other phases, which, however, are considered as 
metastable since once cooled down, they all become converted back into γ-WO3 
[24]. There also exist a number of other metastable phases such as hexagonal of 
cubic ones which can be obtained at ambient conditions; yet, their preservation 
might be challengeable, and thus they are not discussed here. As for more detailed 
description, WO3 crystal is composed of corner and edge-sharing WO6 octahedral 
units, and they have a rhenium oxide (ReO3) cubic structure [25]. It is determined to 
be d0-transition metal oxide which has n-type conductivity. The width of band gap 
usually is estimated to be within the range of 2.6–2.8 eV where the valence band is 
formed by filled O2p orbitals, and the conduction band represents empty W5d orbit-
als. It is evident that WO3 cannot absorb much of solar spectra given the limited 
sensitivity toward visible light. Following it, the color of this materials is yellow, 
similar to C3N4 as their abortion edges are almost identical. The lower boundary of 
conduction band locates below the redox potentials of photocatalytic hydrogen evo-
lution; thus it is unable to be used for overall hydrogen generation and also provides 
limited choice of reaction pathways to proceed CO2 conversion. On its part, the 
positioning of valence band (VB) potential allows to promote oxygen evolution 
reaction and also successfully realize the reduction of various organic pollutants via 
generation of hydroxyl radicals. Among the main advantages of WO3, also need to 
mention are low price, accessibility, non-toxicity, and biocompatibility.

In turn, it also possesses very serious drawbacks that reduce its expected perfor-
mance such as rapid recombination of electron-hole pairs, low stability due to the 
formation of peroxo species, and slow transportation characteristics of charge carri-
ers which make their transfer toward surface for activation of adsorbed molecules 
highly ineffective. In this regard, it was demonstrated that proper and accurate 
employment of defect engineering can greatly address some of these problems, thus 
increasing the applicability and attractiveness of WO3. Aside from all defects that 
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are available in this material, the main attention usually is given to oxygen vacan-
cies given simplicity toward their introduction and consequent easiness of manipu-
lation over their specific particularities and defined features. As for the W vacancies, 
they are described by very high formation energy, and employment of only very 
specialized conditions can induce their appearance.

9.4.3.2  How to Create Defects

As numerous methods are demonstrated in literature to realize the formation of 
defects in WO3 including both synthesis approaches and post-synthesis treatment, 
several of their most notable examples are demonstrated below in order to provide 
general overview regarding recent trends in this filed. More detailed description can 
be found in specialized literature.

Synthesis Approaches
 (a) Sol-Gel Method. It is a very applicable and effective route to create oxygen-

deficient WO3 as it does not require utilization of heavy and expensive equip-
ment or presence of extreme and critical conditions during fabrication process. 
The proper choice of applied chemicals and adjusting their specifications such 
as concentration or molar ratio as well as playing with other related parameters 
of synthesis allows to achieve precise control over the changes in stoichiometric 
ratio and chemical compositions in finalized compound. Furthermore, it also 
can be used to acquire the formation of nanostructures with desired geometries. 
For example, Koo and Ahn [26] reported the synthesis of mesoporous WO3 
films filled with oxygen vacancies fabricated on commercial FTO glass using 
the camphene-assisted sol-gel method and consequently annealed at 300 °C in 
air. It was revealed that the higher the percentages of added camphene, the more 
evident the changes in stoichiometry (Fig. 9.3).

 (b) Hydrothermal/Solvothermal Method. These methods can provide very accessi-
ble synthesis route to create the target material with desired chemical composi-
tion thus allowing to reach the formation of structures with various dimensions 
that can hardly be produced, for example, by mentioned above sol-gel method. 
Changing the temperature of treatment, its duration and which chemicals are 
going to be used for preparation of reaction solution allow to adjust the level 
and also the type of obtained deficiency. Specifically, Wang et  al. [27] used 
hydrothermal route to prepare WO3 nanorods with different concentration of 
oxygen vacancies by varying the amount of added citric acid. It is interesting 
that this approach also can be used to create W vacancies. For example, it was 
demonstrated that to realize it, it is enough to include fluorine into the list of 
used chemicals [28].

 (c) Vapor Phase Techniques. It is possible to fabricate oxygen-deficient WO3 via 
both physical and chemical vapor-based techniques such as reactive sputtering, 
atomic layer deposition, etc. The control over chemical composition during fab-
rication process usually is proceeded via regulating the partial pressure of pre-
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cursors, lowering or increasing their dose, and playing with temperatures inside 
the reaction chambers. The main type of defect which is detected in resulted 
WO3 is oxygen vacancies that could be partially explained by utilizing vacuum 
or low-pressure environment during fabrication step.

Post-synthesis Treatment
 (a) Annealing in Reducing Atmospheres. Given that WO3 represents binary oxide, 

it is possible in analogy with other related materials such as TiO2 and ZnO to 
use annealing at elevated temperatures in reducing atmosphere such as H2, Ar, 
and N2 to create oxygen deficiency. Its level and distribution within the surface 
and bulk compositions can be controlled by the duration and temperatures of 
this treatment as well as other related parameters. Theoretically, this approach 
also enables to introduce W vacancies in WO3 by using oxygen-rich atmo-
sphere; yet up to present, there is no report about its successful realization.

 (b) Bombardment with High-Energy Particles. Using plasma treatment or ion irra-
diation is also considered to be a highly effective approach to fill WO3 with both 
O and W vacancies as reactive nature of this processing usually results in partial 
etching of the surface. In this regard, it has to be noticed that the presence of 
former defect is often determined having several times higher concentration 
than that of the latter one, and thus in relative units, the obtained structures are 
often identified as oxygen-deficient. The level of non-stoichiometry can be 
effectively tuned by playing with conditions of this treatment. As an illustration, 
Zheng et al. [29] revealed that by increasing the irradiation fluences of Ar+ ions, 
more intense release of O atoms from the surface of WO3 was observed.

Fig. 9.3 (a) A schematic of the formation mechanism for the mesoporous WO3 films prepared by 
the camphene-assisted sol-gel method. (b) The atomic ratio of O/W obtained from the samples. 
Numbers after “C” represent weight ratios of the added camphene. (c) SEM images of bare WO3 
and WO3/C10. (Adapted  from Ref. [26] with permission from The Royal Chemical Society. 
Copyright 2017)
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 (c) Chemical Reduction. Using chemical to reduce the presence of oxygen in WO3 
is also considered to be a highly attractive approach. Apart from generally rec-
ognized advantages, it also allows to reach the desired chemical compositions 
via extremely short period of time. For instance, Liu et al. [30] utilized TiCl3 
solutions with different concentrations as the reductant, and it was discovered 
that the presence of oxygen vacancies in WO3 was proportional to the increase 
of its concentration. It is worth noticing that the whole process of dipping has 
taken only 25 s.

9.4.3.3  Properties of Defective WO3

Structural Properties Firstly, the presence of oxygen vacancies results in deterio-
ration of the crystallinity level in WO3 due to appearance of distortion and disor-
dered localized areas [31]; very similar phenomenon was also observed in other 
binary oxide materials discussed in the previous chapters. Secondly, the more O 
atoms are escaped from WO3, the larger expansion in the parameters of crystal lat-
tice [29] can be observed due to structural relaxation as the length of W-W and W-O 
bonding should be newly adjusted. This process often is accompanied by gradually 
reduced crystallinity size, generation of additional pores, and consequently increased 
specific surface area [27]. Appearance of oxygen vacancies also often is accompa-
nied by generation of reduced W5+ or W4+ centers due to localization of an excess 
electrons. It is interesting that the presence of W vacancies in WO3 also results in 
larger interatomic distance [28].

Optical Properties It was discovered that formation of oxygen-deficient WO3 
leads to critical enhancement of optical properties compared with its fully stoichio-
metric counterpart. Firstly, the absorption edge becomes shifted toward longer 
wavelength which means that larger portion of visible light can be utilized (Fig. 9.4a. 
It is accompanied by change of WO3 color from traditional yellow to blue [31], 
green [32], or even black [33] (Fig. 9.4b) as it depends on numerous parameters 
such as concentration and distribution of oxygen vacancies, methods used to intro-
duce then, quality of the original chemical composition, etc. Secondly, it is also 
often the case that band gap of defective WO3 remained relatively the same, while 
the absorption in visible and even near-infrared wavelengths increases sufficiently. 
It is of interest that this mechanism often is connected to the appearance of both O 
or W vacancies [27, 28].

Electronic Properties It is still debatable how the presence of oxygen vacancies 
(VO) influences the electronic configuration of the band gap as well as transposition 
characteristics of electrons given that two contradictory views exist in literature 
based on theoretical calculations. On one hand, Wang et  al. [34] suggested that 
“oxygen vacancy acts as a shallow donor, stable only in the 2+ charge state; other 
charge states are not stable for Fermi levels within the band gap, at least with respect 
to free carriers in the conduction band.” As opposite, Gerosa et al. [35] proposed 
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that oxygen vacancies can be presented in all three available charge states, namely, 
0, +1, and +2, and their stabilities are depended on the geometrical positioning of 
this defect with respect to the crystal axis. Particularly, it was stated that their orien-
tations toward b- and c-axis lead to presence of VO (+1) as most thermodynamically 
favorable formation, while orientation along a-axis results in domination of neutral 
VO. Accordingly, this defect was identified to have shallow and deep characteristics 
following these charge states given the positions of its transitions levels within the 
band gap. To add more confusion, both assumptions were claimed to have perfect 
correlation with the experimental studies. As a final remark, one should notice that 
W vacancies serve as deep acceptors given how far their transition levels are from 
valence band and their most stable charge state is −6 which corresponds to Fermi 
level located very close to conduction band [36].

Electrical Properties Oxygen vacancies enable to greatly increase the conductiv-
ity of WO3 given that they can serve as shallow and also possibly as deep donors, 
thus providing electrons not only to conduction band but also in perspective to take 
the role of compensating centers annihilating acceptor-like defects and impurities, 
respectively. Thus, they can reduce recombination rate of charge carriers and 

Fig. 9.4 (a) UV-visible diffuse reflectance spectra and (b) photographs of mesoporous WO3 
(m-WO3) before and after hydrogenation at different temperatures. (c) Generation of CH4 over 
commercial WO3 (com-WO3), m-WO3, and hydrogenated m-WO3 catalysts under visible-light 
irradiation. (Reprinted from Ref. [33] with permission from The Royal Chemical Society. 
Copyright 2017)
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enhance their overall transportation characteristics as to make them become much 
easier and faster to be transferred toward surface without much loss in bulk. 
Furthermore, it has to be noticed that decreased size of crystallites results in short-
ening the range of mean free pass for charge carriers which is interpreted as lower 
chances to meet their counterpart. In turn, too high presence of oxygen vacancies 
might bring negative impact as they can be transformed into trap centers catching 
both electrons and holes and thus annihilating them.

9.4.3.4  Photocatalytic Application of Defective WO3

Defective WO3 filled with oxygen vacancies were identified to have greatly enhanced 
performance toward realization of solar light activated photocatalysis since many 
drawbacks associated with its fully stoichiometric counterpart could be properly 
addressed by playing with chemical composition and the degree of changing the 
stoichiometry. Given that this material has a great affordability, is environmentally 
friendly, and also possesses other important and desirable characteristic, it might be 
considered as a highly attractive candidate for potential adaptation toward wide 
applications. Overall, the following photocatalytic processing is influenced the most 
by employment of defect engineering

Photocatalytic and Photoelectrochemical Water Splitting As the position of 
conduction band cannot satisfy the redox potential of hydrogen evolution reaction, 
this material is mostly applied in the role of photoanode, thus proceeding the oxida-
tion reaction. In this regard, the presence of oxygen deficiency played a crucial role 
in increasing its efficiency via improving the transportation characteristics of charge 
carriers, lowering the recombination rate, and also extending the sensitivity toward 
the visible light. It is also considered to be a highly effective approach for stabilizing 
this material via increasing its resistivity toward re-oxidation and reducing the for-
mation of harmful peroxo-species that causes the corrosion. For example, Wang 
et al. [37] revealed that photocurrent density of fully stoichiometric WO3 was identi-
fied to be 0.1 mA cm−2 at 1.0 V vs Ag/AgCl, and it dropped about 65% within the 
first 2  min of testing and then decreased slowly reaching 80% lost after 2  h. In 
contrast, the photocurrent density for the WO3-x sample reached a maximum value 
of 0.88 mA cm−2 at 1.0 V vs Ag/AgCl, while it lost only 17% within the first 2 min 
of testing and then showed a great stability without decay under the irradiation for 
at least 7 h.

Light-Induced Water Purifications Oxygen-deficient WO3 is determined to be an 
excellent photocatalysts to remove various organic pollutants from water as it shows 
highly increased performance thus allowing transforming it into very attractive 
compound to be utilized. For instance, Boruah et  al. [38] prepared WO3-x via a 
single- step plasma discharge process that occurred in deionized water and applied it 
for degradation of methylene blue under simulated solar light. It was discovered that 
bulk and nanoscaled fully stoichiometric WO3 which was taken as standards to 
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compare the photocatalytic activities demonstrated that only 50% and 62% of MB 
were decomposed after 200 min of irradiation, respectively. In turn, application of 
WO3-x under similar conditions resulted in efficiency rate of 77%.

Photoconversion of CO2 The position of valence and conduction bands allows 
WO3 to successfully photoreduce CO2. Yet, this processing is limited mostly by the 
production of CH3OH and CH4 fuels as redox potentials of reactions that can be 
used to obtain other carbon-based compounds laid beyond the range of WO3 band 
gap with respect to vacuum level. Nevertheless, introduction of oxygen vacancies 
can greatly contribute to the improved performance given the changes in geometri-
cal and electrical structures which cause their presence. For example, Wang et al. 
[33] investigated the photoconversion of CO2 under irradiation with visible light 
using mesoporous defective WO3 prepared via template-supported hydrothermal 
method and accompanied by consequent thermal annealing in pure hydrogen for 
30 min at different temperatures. It was discovered that treatment at 550 °C resulted 
in the highest yield of CH4 which was ~4.3 times higher than that of fully stoichio-
metric sample (Fig. 9.4c). It is interesting that utilizing a heating at 250 °C during 
the photocatalytic reaction resulted in additional appearance of CH3OH as the 
detected secondary products and also led to much higher overall yield of this pro-
cessing. In turn, Li et al. [31] revealed that the presence of oxygen vacancies in WO3 
induced great thermal and chemical stabilities as it was demonstrated that conver-
sion of CO2 under UV light at temperatures of 60  °C can be proceeded for five 
consecutive recycles without any significant degradation of performance rate.

9.4.4  Case Example III: CuO and Cu2O

9.4.4.1  CuO and Cu2O: Fundamentals

Cupric Oxide (CuO) Cupric oxide (CuO) is a p-type semiconductor which has 
indirect band gap of 1.2–2.0 eV depending on its size and the method of fabrication. 
Thus, it enables to absorb significant part of visible and even near-infrared spectra 
which makes its color to be almost black. In this regard, the positions of conductions 
and valence bands might follow the changes in the dimensions of this materials, and 
it was revealed that under certain conditions they separately satisfy both redox 
potentials of various highly demanding reactions including water splitting or CO2 
photoconversions. It allows to use CuO as oxidation or reduction agent. Yet, given 
that existence as nanoscale compound within defined range of sizes usually results 
in appearance of lower and upper edges of band gap lied at nearly ~−4.95–5.50 eV 
and ~−3.25–4.05 eV [39, 40], respectively; with respect to the vacuum, the former 
scenario has certain difficulties to be realized practically given that it is mostly 
referred to formation of massive and bulk-related or ultra-small nanostructures [41, 
42]. Thus, it is generally accepted that this material has higher applicability as pho-
tocathode governing the reduction reactions as a part of heterojunction or as co-
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catalyst rather than photoanode. Contrary to the usual rock-salt structure of other 
3D transition-metal monoxides, the CuO crystal lattice is monoclinic with C2/c 
symmetry; Cu atom is coordinated by four coplanar O atoms forming an almost 
rectangular parallelogram, while O coordination polyhedron has four Cu atoms at 
the corners of a distorted tetrahedron [43]. The advantages of using CuO as photo-
catalysts in addition to the above mentioned are the following: large surface areas, 
good electrochemical activity, superior conductivity, and accessibility. As for disad-
vantages, it is mostly referred to unacceptable stability, high recombination rate, 
and low charge collection.

Cuprous Oxide (Cu2O) Cuprous oxide (Cu2O) has a direct band gap of ~2.2 eV 
which extends its absorption to the far end of visible spectra and makes its color 
reddish. The positions of conduction and valence bands perfectly satisfy the redox 
potentials of water splitting and CO2 conversions allowing to perform them without 
using additional materials or co-catalysts. CuO2 has a cubic crystal structure belong-
ing to the pn3 space group, and its lattice is constructed by two intertwined Cu face-
centered cubic and O body-centered cubic sublattice [44]. It is different from CuO 
by having lower conductivity and higher mobility of charge carriers [45]. In turn, 
both materials have very similar low quantum efficiency as a result of high recom-
bination rate and also possess poor stability and high photocorrosion in aqueous 
solutions that lead to gradual reduction to metallic Cu.

As p-type conductivities of both oxides are mostly governed by the presence of 
copper vacancies, it is believed that proper adjustment of their concentration and 
distribution with regard to changes in geometrical and electronic structures can 
extend their applicability in photocatalytic processing. In addition, it is suggested 
that introduction of other defects such as oxygen vacancies might also have a posi-
tive impact. Overall, more detailed explanation regarding the employment of this 
strategy is provided below.

9.4.4.2  How to Create Defects

Introduction of defects into CuO and Cu2O can be proceed via both synthesis and 
post-synthesis approached; yet the former one might be considered as more prefer-
ential choice as there is always a possibility that additional processing of already 
prepared structures might result in their unexpected partial or full decompositions 
given low stabilities.

Synthesis Approaches
 (a) Thermal Decompositions of Certain Chemical Composition. Specially prepared 

chemicals can be subjected to additional thermal treatment process in order to 
convert them into defective CuO or Cu2O. The temperature of this processing 
and other related parameters define the exact level of non-stoichiometry. For 
example, it was reported that annealing of metal-organic gel realized via mixing 
of CuSO4·5H2O and 1,3,5-tris(4,-carboxyphenyl) could be used to introduce Cu 

9.4 Defective Nanostructures: Examples



300

vacancies into CuO depending on the applied temperature [46]. Similar also 
could be said about using CuI dipped in aqueous sodium hydroxide (NaOH) 
solution as its consequent thermal treatment at 250–350 °C results in formation 
of CuxO with Cu/O ratio ranging from 2.5 to 0.87 [47].

 (b) Hydrothermal/Solvothermal Method. It is also possible to prepare defective 
CuO or Cu2O via placing defined mixture of chemicals into Teflon autoclave 
accompanied by mixing with aqueous or non-aqueous solution and heating it 
for a certain period of time. The most important particularity of this process is 
that it mostly leads to processing of oxygen deficiency. For instance, Lu et al. 
[48] demonstrated that treating CuCP powder dissolved in methanol and placed 
into microwave oven overnight resulted in appearance of Cu/Cu2O filled with 
oxygen vacancies. It is of interest that they could be annihilated via consequent 
thermal treatment in air at 500–600 °C.

 (c) Vapor Synthesis Methods. Physical and chemical vapor depositions (PVD and 
CVD, respectively) could be used to prepare CuO and Cu2O filled with certain 
types of defects as changing in the parameters of chemicals that are used as 
oxygen or copper precursors, conditions within the reaction chamber, etc. influ-
ences crucially the level of introduced stoichiometry and variation of chemical 
composition in the final product. Particularly, Chua et al. [49] investigated Cu2O 
prepared via CVD process and revealed that, firstly, the presence of Cu vacan-
cies was regarded as dominated type of defects and, secondly, their impact on 
properties of this materials could be partially shadowed by playing with the 
deposition temperature as it has clear correlation with the introduction of oxy-
gen vacancies and, thus, resulted in partially restoring the balance of both 
chemicals.

 (d) Thermal Oxidation. It is possible to control the presence of defects in both 
oxides obtained via oxidation of Cu by adjusting the conditions of this process 
such as temperature, duration, heating rate, etc. As an illustration, Cheon et al. 
[50] utilized thermal rapid treatment in Ar at 800 °C to convert Cu into Cu2O 
containing both copper and oxygen vacancies.

 (e) Thermal Reduction. The opposite process, i.e., reduction of Cu2O into CuO 
filled with various defect can also be realized as well. Utilized atmosphere dur-
ing it, i.e., whether oxygen-reach or oxygen-poor conditions were applied, 
determines the appearance of certain type of vacancies [51]. Furthermore, 
adjusting the temperature and duration of this process can assist in controlling 
their concentration and distribution.

9.4.4.3  Properties of Defective CuO and Cu2O

Structural Properties Theoretical estimation predicted that removal of copper 
and oxygen atoms results in very slight relaxation of near-neighbor atoms [52, 53]; 
thus, it is hard to see any changes in lattice distance if only a massive level of defi-
ciency is formed. The absence of peak shift during X-ray diffraction confirms it 
[50]. In addition, it has to be noticed that in analogy with any other binary materials 
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discussed in previous chapters, the presence of vacancies usually is accompanied by 
appearance of lattice distortion and development of disordered composition which 
leads to degradation of crystallinity as it is evident from the reduced intensity of 
XRD peaks.

Optical Properties Cu-based oxides demonstrate great sensitivity to the visible 
and even near-infrared light, thus allowing to absorb most of solar spectra. In this 
regard, tuning of their optical characteristics via presence of defects deserves much 
less attention contrary to other binary oxide compounds. Nevertheless, it was 
reported that oxygen-defective Cu2O exhibits higher absorption in visible spectra 
compared with more stoichiometric samples, while the width of band gap remained 
to be relatively similar [48]. In turn, the presence of Cu vacancies allows to secure 
the lowest boundary of reported band gap range in CuO equaled to 1.2 eV [46].

Electronic Properties As CuO and Cu2O are determined to be p-type materials, 
their charge carrier concentration has clear dependency on the presence of acceptor-
like defect that is usually present in the form of cation vacancies and formation of 
associated trap states. The following particularities are defined regarding this pro-
cessing. For simplicity, the discussion here is limited by accessing only Cu2O as it 
has higher applicability toward various photocatalytic reactions due to larger band 
gap, and also it is possible to access its electronic structures by density functional 
calculation while CuO limits this perspective as it has 3d9 configuration [54]. Firstly, 
the existence of copper vacancy in terms of its configuration is determined to have 
two types of geometry: simple one, which corresponds to removing of Cu and relax-
ing the positions of remained atoms, and split one ascribed as removing of Cu atom 
accompanied by displacing one of its non-O-linked partners halfway toward the 
vacancy site and then also adjusting the positions of remained atoms [52]. Their 
appearances are relatively equaled from thermodynamically point of view even 
though the latter one requires to have additional step. Secondly, theoretical simula-
tions stated that both of these vacancies have the lowest formation energies regard-
less to the applied conditions compared with other acceptor-like intrinsic defects 
such as oxygen interstitials [55]. It is different from that of CuO, where under 
O-poor conditions, appearance of oxygen deficiency is the most favorable [51]. 
Thirdly, it was revealed that (0/-1) transition levels of simple and split copper vacan-
cies were determined to locate at 0.28 and 0.47 eV above valence band maximum 
[56], which allow to refer the former one with certain assumption as shallow donors 
that have the possibility to contribute into the origin of the p-type conductivity. It is 
interesting that Paul et al. [57] confirmed experimentally the existence of trap states 
at these distances. Fourthly, transition levels of oxygen interstitials have the posi-
tions close to the middle of band gap, and thus these defects are considered to be 
deep acceptors that serve as compensation centers. It is necessary to say several 
words about donor-like defects. Density functional theory calculation revealed that 
the presence of oxygen vacancies in Cu2O is restricted by existence only in the neu-
tral form [58]; thus, it is unable to influence the p-type conductivity. Yet, the analysis 
via PL spectroscopy revealed that they can exhibit +1 and +2 charge states which 
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have transitions at 1.52 and 1.67 eV, respectively [49]. The following discrepancy 
could be explained using work of Ricca et al. [53]. It was demonstrated that the 
presence of VO in neutral form is the most stable formation, except for Fermi ener-
gies resided just above the valence band maximum, where +2 becomes the favored 
charge state for them with a thermodynamic transition level (+2/+1) located as 
0.20 eV. Thus, at strong p-type conditions, this defect can take the role of hole killer.

Electrical Properties As CuO and Cu2O are p-type materials, it is obvious that the 
presence of acceptor-like defects such as copper vacancies and oxygen interstitials 
that have shallow and deep trap states in the band gap, respectively, would influence 
greatly on increasing the concentration of relevant charge carriers. Thus, in perspec-
tive, it might cause the improved recombination rate and more efficient transporta-
tion characteristics. Yet, the introduction of copper vacancies should be proceeded 
with certain caution as it reduces the overall metallization of these materials and 
thus potentially transforms them into more insulating states. For its part, the pres-
ence of oxygen vacancies given their donor-like nature might serve oppositely as 
they result in suppressing of p-type behavior [51] (Fig. 9.5a, b). Yet, these defects 
also enable to diminish the electron transport serving as trap centers for them [53]. 
Thought, it is not always the case as it is likely referred only to VO that existed in +2 
or +1 charge states. In turn, their neutral form under correctly applied strategy might 
benefit significantly to effective separation of electron-hole pairs and occurrence of 
rapid charge transfer [59].

9.4.4.4  Photocatalytic Application of Defective CuO and Cu2O

Photocatalytic and Photoelectrochemical Water Splitting Due to difference in 
the band gap positioning with respect to redox potentials of water splitting, these 
materials are applied very contrastingly in this reaction. Yet, regardless to this, intro-
duction of defects contributes greatly to improving their performance. For example, 
Lu et al. [48] revealed that oxygen-deficient Cu2O combined with Cu and nitrogen-
doped nanostructured carbon demonstrated highly enhanced efficiency and stability 
toward hydrogen production under visible light than that of its counterpart with 
higher stoichiometry. In turn, the presence of Cu vacancies in CuO and its employ-
ment as photocathode resulted in detection of the highest current reported for this 
material up to date equaled to −1.8 mA cm−2 at 0.1 VSHE using NaSO4 as electrolyte 
[51] (Fig. 9.5c). It is interesting that addition of K2S2O8 added as electron scavenger 
during the photocurrent measurement increases the performance further.

Light-Induced Water Purification Defective CuO and Cu2O are determined to be 
excellent photocatalysts to remove various organic pollutants from water as they 
show highly increased outcome. For example, Zaman et al. [60] revealed that intro-
duction of oxygen deficiency into CuO contributes to its impressive efficiency 
toward the degradation of methylene orange and rhodamine B compared with more 
stoichiometric sample. It was stated that the presence of oxygen vacancies results in 
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increased presence of hydroxyl ions that play the role of active species which inter-
act with organic dyes causing their annihilation.

CO2 Photoreduction DFT calculation revealed that introduction of copper vacan-
cies in Cu2O leads to turning the adsorption energy of CO2 into positive [61] which 
means that the surface becomes less attractive for their occupancy. In turn, introduc-
tion of oxygen vacancies does not significantly influence this processing if only to 
provide very slight improvement, indicating that activation and optimization of CO2 
molecules with and without them is, in fact, the same. Thus, formation of defective 
Cu2O or CuO and their application in CO2 photoreduction would not influence 
much on advancements of this reaction if only to reduce its effectiveness given their 
p-type characteristics and dominating presence of copper deficiency. Thus, it is no 
surprise to find absence of available studies in literature regarding this topic.

Fig. 9.5 (a) The Mott–Schottky curves and (b) the calculated carrier concentration of CuO pre-
pared in gas atmospheres with different N2/O2 (N/O) ratios. The more oxygen is presented in ambi-
ent, the more copper-deficient is CuO. Calculated carriers are mostly identified to have acceptor-like 
character. (c) The photocurrent-potential curves of CuO-O2 (red) and CuO-air (green) in 0.5 m 
Na2SO4 aqueous solution. (Reprinted from Ref. [51] with permission from John Wiley and Sons. 
Copyright 2017)
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9.4.5  Case Example IV: α-Fe2O3

9.4.5.1  α-Fe2O3: Fundamentals

Iron oxide (Fe2O3) is a transition metal oxide that has several crystalline polymorphs 
among which hematite α-phase is considered to be the most stable state at ambient 
conditions. Its crystal lattice belongs to rhombohedrally centered hexagonal struc-
ture consisting of iron atoms surrounded by six oxygen atoms. This periodical 
arrangement is attributed to R3c space group, and its symmetry is identified to be 
C3V [62]. Great potential of α-Fe2O3 toward its application in photocatalytic pro-
cessing is attributed to the presence of some unique characteristics and features such 
as non-toxicity, low cost, affordability, impressive stability and resistivity toward 
various chemical media, easy recovery, and, most importantly, relatively narrow 
band gap equaled to 2.0–2.2 eV that allows to reach absorption of visible light with 
wavelength up to infrared region. Following it, the color of this materials is evi-
denced as brown, reddish, or one of their shades. In turn, the positions of conduction 
band limit its capability to activate overall water splitting or CO2 conversion reac-
tions allowing only to perform oxidation step as its minimum is positioned far below 
their reduction redox potentials. In this regard, α-Fe2O3 is preferred to be used in the 
role of photoanode. Thus, its functionality has a lot of similarity to that of WO3 
mentioned above.

However, to the deepest regret, despite the great advantages that make the usage 
of this material become highly attractive, the energy conversion efficiency of 
α-Fe2O3 is still cannot be considered as satisfactory and, in fact, is very low and far 
from expected. The main drawbacks to cause it are referred to inefficient charge 
migration and transfer caused by number of reasons such as very short distance of 
hole diffusion, extremely high recombination rate, and poor mobility of carriers 
which means that only holes generated in the proximity of catalyst/electrolyte inter-
face could be utilized, while a major part of them is lost through combining with 
photo-generated electrons [63]. To properly address the sluggish kinetics of α-Fe2O3, 
it is suggested that introduction of certain and very specific defects accompanied by 
accurate modification of internal composition might be used. One should notice that 
the main consideration in this section is given to oxygen vacancies as their appear-
ance has the most prominent and recognizable impact on properties of this materials.

9.4.5.2  How to Create Defects

Given the easiness in preparation of oxygen-deficient α-Fe2O3, there are numerous 
methods available in literatures including various synthesis procedure and post-
synthesis treatments which can be used to realize this strategy. As it is impossible to 
cover all of them in detail, only several particulate approaches, the ones that have 
absence of extreme complexness and receive the most recognitions are briefly 
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described here as to provide general overview on current achievements and trend 
regarding this topic.

Synthesis Approaches
 (a) Thermal Oxidation. It is considered to be one of the simplest and most acces-

sible method to produce defective α-Fe2O3. To be clear, annealing of Fe foil in 
oxidizing atmosphere results in its transformation into α-Fe2O3. Following it, 
control over the conditions of this processing such as temperature, pressure of 
flowing gaseous ambient, duration, etc. can allow very precisely the adjustment 
of the level of oxygen deficiency.

 (b) Vapor Synthesis. Given that α-Fe2O3 represents binary oxide, in analogy to 
other similar materials, it is possible to synthesize it via physical or chemical 
vapor deposition techniques. Thus, playing with parameters of this processing 
such as pressure of oxygen source, temperature inside reaction chamber, etc. 
can be considered as an efficient tool to control its stoichiometry. Particularly, 
Noh et  al. [64] reported that high-density oxygen-deficient α-Fe2O3 with the 
dominant (110) crystal plane was developed by employing aerosol-assisted 
chemical vapor deposition and using nitrogen gas as reaction environment. In 
turn, lower concentration of oxygen vacancies was detected when purified air 
was used instead.

 (c) Hydrothermal/Solvothermal Methods. It is also possible to create oxygen-
deficient α-Fe2O3 via placing defined mixture of chemicals into Teflon auto-
clave accompanied by aqueous or non-aqueous solution and heating it for a 
certain period of time. For instance, Zeng et al. [65] used FeCl3·6H2O and urea 
to make the reaction solution that was treated at 140 °C for 12 h. It was followed 
by thermal annealing step in air for 350 °C in order to remove unreacted chemi-
cals and remaining contaminations as well as to stabilize the structure. Finally, 
oxygen-deficient Fe2O3-x nanoparticles were obtained. It is also possible to use 
this method toward already synthesized compounds as additional treatment. 
Specifically, Yang et  al. [66] employed aqueous solution of sodium hypo-
phosphite to react with α-Fe2O3 nanorods under 100 °C for various times. It was 
discovered that the highest presence of oxygen vacancies was achieved after 
this process was extended to 180 min.

Post-synthesis Treatment
 (a) Thermal Treatment in Reducing Atmosphere. It is also possible to use thermal 

treatment in various reducing atmosphere to introduce oxygen vacancies in 
α-Fe2O3. Changes in the temperatures, duration of this processing, etc. could be 
tuned to precisely adjust the required stoichiometry and chemical composition. 
It is necessary to notice that the presence of oxygen in the utilized gaseous 
ambient is highly necessary as its complete absence might lead to possibility of 
transforming α-Fe2O3 into other forms of iron oxides such as Fe3O4. As an illus-
tration, Makimizu et  al. [67] demonstrated that annealing of α-Fe2O3 film at 
400 °C for 40 min in 0.03% O2-Ar atmospheres resulted in appearance of oxy-
gen vacancies. Due to the nature of this processing, their localization was dis-
covered to occur mostly in the bulk, while the surface was empty from its 
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presence. In turn, using pure argon as a flowing ambient during this treatment 
caused partial transformation of α-Fe2O3 into Fe3O4.

 (b) Chemical Reduction. The formation of defects in α-Fe2O3 also can be conducted 
via chemical reduction process which realization usually is proceeded through 
interaction with certain chemicals (usually NaBH4). During this reaction, cer-
tain part of oxygen atoms is effectively evacuated from crystal lattice of α-Fe2O3 
leaving behind vacancies. The time of this treatment, concentration of immersed 
solution, and conditions of the surrounding such as temperatures and ambience 
influence crucially on the level of obtained non-stoichiometry.

9.4.5.3  Properties of Defective α-Fe2O3

Structural Properties Development of defective α-Fe2O3 often results in degrad-
ing its structural characteristics as it leads to flattering the surface and removal of 
certain particulate morphological features. For instance, Noh et  al. [64] revealed 
that introduction of oxygen vacancies could be correlated with lowering root-mean 
square roughness from initial 54.2 to 49.5 nm. On its part, Makimizu et al. [67] 
prepared α-Fe2O3 that contained nanoporous composition and demonstrated that 
thermal treatment in oxygen-poor atmosphere causes partial disappearance of these 
features. It is interest that utilizing of air during this process keeps the morphology 
(Fig. 9.6a–c). Furthermore, the presence of defects also increases the polycrystallin-
ity of α-Fe2O3 as they initiate the appearance of crystals grown in multiply direc-
tions [64].

Optical Properties Depending on the level of introduced adjustments in chemical 
composition and variation of stoichiometry as well as the nature and form of origi-
nal nanostructure, introduction of oxygen vacancies can influence significantly on 
the changes in optical properties of α-Fe2O3. Particularly, it might lead to increased 
sensitivity toward irradiation of light with visible and UV spectrum and/or also 
enable to cause the shift of absorption edge toward higher wavelength. For instance, 
Feng et al. [68] investigated α-Fe2O3 nanoblades before and after thermally acti-
vated reduction in vacuum. It was revealed that width of band gap proceeded the 
decrease from ~2.12 to ~2.06  eV accompanied by enhanced capability to catch 
more photons with energies laid in the range of 600–800 nm.

Electronic Properties Oxygen vacancies in the α-Fe2O3 mostly exist in the charge 
states of 0, +1 and +2, and their appearances are accompanied by the crucial changes 
of electronic band structure. According to Lee and Han [69], the (0/+1) and (+1/+2) 
transition levels are located at ~0.98 and 1.08  eV from the valence band. These 
defects create corresponding energy states in a manner similar to that observed in 
oxygen-deficient ZnO [70]. Following the DFT calculation performed by Banerjee 
et al. [71], it was revealed that for the neutral VO, it appears at 0.864 eV above the 
valence band and is fully occupied, while for VO (+1), there exist two energy states, 
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and only one of them located at 1.095 eV is filled only partially. Finally, VO (+2) 
leads to development of unoccupied state very close to conduction band.

To fully access this information, it is necessary to mention that formation energy 
of this defect increases following the decrease in the charge state thus making VO 
(+2) to be the most thermodynamically favorable at both O-rich and Fe-rich condi-
tions [70]. Even though their transition levels are located too far from conduction 
band, at certain conditions they enable to assist in transportation of electrons toward 
it. Yet, given that α-Fe2O3 represents n-type conductivity, the position of Fermi level 
is a priory supposed to be close to conduction band which means that neutral VO 
should be the dominated species. Due to absence of any unoccupied states corre-
lated with these defects, they serve as compensation centers. In turn, it was sug-
gested that iron interstitials might be identified as source of electrons in α-Fe2O3 
since their (0/+1) transition level locates at 1.62 eV from valence band [69].

Electrical Properties Given that oxygen vacancies have donor-like characteristics 
and considering the n-type conductivity of α-Fe2O3, it is obvious that proper manage-
ment of their presence could lead to enhanced electrical characteristics of this mate-
rial via increasing the concentration of relevant charge carriers and consequently 
reducing their recombination (Fig. 9.6d). Numerous studies confirm the applicability 
of this model [65, 72]. Yet, too much VO is not good as in this case their role as trap-
ping centers might become dominated. It is of interest that it is possible to fabricate 
p-type-conductive a-Fe2O3 nanowires by using oxygen vacancy arranged in very high 
order [73]. This is a very unexpected discovery given that these defects rather are 
considered as “hole killers” than their origin [70]. Nevertheless, it was proposed that 
this phenomenon could be referred to formation of an inversion layer caused by 
strong surface absorption of oxygen and water molecules near the surface” [73].

9.4.5.4  Photocatalytic Application of Defective α-Fe2O3

Photocatalytic and Photoelectrochemical Water Splitting Given the position of 
its band gap with respect to redox potentials of water splitting, α-Fe2O3 only can be 
used as photoanode to perform oxidation reaction. Theoretical estimations predicted 
that its application in this role is supposed to bring solar-to-hydrogen efficiency over 
~15%, while in reality, however, it is typically much lower. In this regard, the pres-
ence of oxygen vacancies allows to enhance the performance making it approach 
closer to the desired level. For example, Makimizu et  al. [67] demonstrated that 
defective α-Fe2O3 enables to reach 0.5  mA/cm2 at 1.5  V vs. RHE during 
 photoelectrochemical measurement under illumination with simulated solar light 
which was 20 times higher than that of fully stoichiometric sample (Fig. 9.6e). In 
turn, excellent stability was also recorded via long-term tests.

Light-Induced Water Purification Oxygen-deficient α-Fe2O3 also shows 
enhancement performance toward degrading various dyes and pollutants from 
water. Feng et al. [68] investigated degradation of RhB by α-Fe2O3 nanoblades with 
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reduced and stoichiometric chemical compositions using visible light irradiation. It 
was discovered that application of former compound resulted in ∼100% efficiency 
after 150 min, while the latter one recombined only ~80% of this dye even if the 
time of testing was specially extended to 180 min. It is noticed that after ten cycles, 
the degradation rate of reduced α-Fe2O3 nanoblades was almost constant.

CO2 Photoconversion Similar to water splitting, α-Fe2O3 only can be used to pro-
mote oxidation reaction. In this regard, the presence of VO might increase its out-
come and consequently contribute greatly to the enhancement of overall CO2 
photoconversion rate. Yet, given that defect engineering is a relatively new topic and 
its application to α-Fe2O3 currently is under investigation, currently, there is no 

Fig. 9.6 Surface SEM images of α-Fe2O3 anodized layers (a) before annealing and after annealing 
at 400 °C for 40 min in (b) 0.03% O2-Ar and (c) air ambient. (d) Mott-Schottky plots measured 
under dark condition for anodized layers of α-Fe2O3 after annealing in 0.03% O2-Ar and air ambi-
ent. The inset is donor density estimated from the slope. (e) Photocurrent-potential (J-V) curves 
with chopped light (AM 1.5 G, 100 mW/cm2) measured in 1.0m KOH electrolyte for anodized 
layers after annealing at 400 °C under air (AIR), 0.03% O2-Ar (LO), and pure Ar (AR). The latter 
sample is taken for comparison as its structure demonstrates the presence of Fe3O4. (Reprinted 
from Ref. [67]. Copyright 2019, John Wiley and Sons. Available under Creative Commons 
Attribution 4.0 International License (CC BY 4.0), https://creativecommons.org/licenses/by/4.0/)
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available studies that describe this topic, and it is believed that they would appear in 
the future in order to provide more lights on the particularities of this processing.

9.4.6  Case Example V: Nb2O5

9.4.6.1  Nb2O5: Fundamentals

Niobium pentoxide (Nb2O5) is a typical n-type semiconductor that has a great 
potential to be used as very promising photocatalyst given its various attractive 
characteristics such as excellent chemical and thermal stabilities, abundance and 
affordability, non-toxicity, eco-friendliness, etc. Its structure is formed from NbO6 
octahedral and has many polymorphs out of which TT-Nb2O5 (pseudohexagonal), 
T-Nb2O5 (orthorhombic), and H-Nb2O5 (monoclinic) are the most common phases 
[74]. Their formations could be achieved from amorphous composition via thermal 
treatment with temperatures varying from 500 to 1000 °C. Out of them, H and TT 
phases have the highest and lowest thermodynamic stabilities, respectively [75]. 
Following the available reports in literature, the band gap of this materials is gener-
alized to be within the range of ~3.1–3.9  eV depending on the crystallinity and 
morphology even though in certain cases it might reach even the value of 5.3 eV 
[76]. Thus, its color is identified as white. The positions of conduction and valence 
bands satisfy both redox potentials of water splitting and CO2 reduction reactions 
which means that it can be used to realize these processing without applying addi-
tional compounds and elements. Yet, in analogy to another wide-band gap semicon-
ductor such as TiO2 or ZnO, Nb2O5 fails to achieve a considerable photoactivity 
owing to its low specific surface area, fast recombination rate of charge carriers, 
and, most importantly, inability to fully utilize solar light as its absorption edge is 
located as wavelengths of ~300–350 nm. In this regard, there is a belief that applica-
tion of defect engineering can drastically change it and would greatly increase the 
applicability of this material. In this section, the main discussion is attributed to 
oxygen vacancies rather than other defects as their presence influences crucially the 
most desired characteristics.

9.4.6.2  How to Create Defects

Synthesis Procedure
 (a) Hydrothermal/Solvothermal Method. It is well known that application of highly 

non-equilibrium conditions during this processing leads to very critical varia-
tions in chemical composition of target material, and level of these changes can 
be precisely adjusted by playing with natures and characteristics of utilized 
chemicals and their concentrations or via applying different temperatures and 
duration of heating step, etc. For example, Salim et al. [77] used Nb metal dis-
solved in distilled water as reactive media to prepare “nanoflake-like morphol-
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ogy films” by immersing FTO substrate into it and applying consequent 
thermally activated treatment at 150 °C for 75 h. It was revealed that increasing 
the concentration of this solution from 1.5 to 2.5 mg/l resulted in changing of 
Nb/O ratio from 0.24 and 2.04, respectively, which could be interpreted with 
some reservations as appearance of niobium and oxygen deficiencies, 
respectively.

 (b) Vapor Synthesis. Similar to other binary oxide materials, it is possible to pre-
pare defective Nb2O5 via application of physical or chemical vapor deposition 
techniques. Playing with characteristics of oxygen precursors, pressure inside 
the reaction chamber, orientation of the substrate, etc. could influence crucially 
on the changes in chemical composition or stoichiometry of this material. As an 
illustration, Fernandes et al. [78] applied reactive sputtering to prepare Nb2O5 
thin film and determined that lowering the flow rate of oxygen from 10 to 3 
sccm resulted in significant increase in VO presence. In turn, it was discovered 
that application of atomic layer deposition as thermal and plasma-enhanced 
processes under very similar conditions led to formation of Nb2O5 with oxygen 
and Nb vacancies, respectively [79]. It is interest that adjusting the temperature 
of substrate by increasing or decreasing it could be used to further tune the level 
of stoichiometry.

Post-synthesis Techniques
 (a) Annealing in Reducing Atmosphere or Using Reducing Agent. As Nb2O5 has a 

high similarity to TiO2 and ZnO since all of them represents wide band gap 
semiconductors that contain oxygen, the changes in its stoichiometry and 
chemical composition could be easily realized by applying thermal treatment in 
reducing atmosphere or vacuum [80]. Another approach is to use reducing 
agent such as Al that enables to make reaction with Nb2O5 once the temperature 
of the surrounding increase thus assisting in escaping of oxygen atoms from lat-
ter [81].

 (b) Electro-deoxidation. Xu et al. [82] demonstrated that direct reduction of solid 
Nb2O5 could be realized via electrochemical processing by using it as cathode 
and applying the temperature of 1073 K. It was revealed that addition of carbon, 
calcium carbonate, and calcium oxide with certain concentrations could greatly 
increase the rate at which oxygen atoms are going to diffuse out from the 
 surface. Furthermore, it was also discovered that more precise control of defi-
ciency level could be achieved by adjusting the duration of this processing.

9.4.6.3  Properties of Defective Nb2O5

Structural Properties The presence of oxygen vacancies in Nb2O5 results in 
decreasing bond order of the niobia polyhedra and appearance of disordered struc-
ture which reduces the quality of crystal lattice [81]. Yet, even though, it has very 
limited influence on adjusting the interplanar spacing or altering the directions of 
crystalline axes. Furthermore, morphology or dimension of defective Nb2O5 nano-
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structures undergoes minor changes compared with their fully stoichiometric coun-
terparts as average crystallite size is remained to be relatively similar or decrease 
very slightly [83]. It is drastically different from that of other binary materials.

Optical Properties Formation of defective Nb2O5 causes almost no influence on 
the width of band gap. In turn, absorption in visible and infrared spectra greatly 
increases [81] which is accompanied by changes in its color from white to black 
(Fig. 9.7a).

Electronic Properties Currently, there is not so much known about electronic 
structure of oxygen-deficient Nb2O5 given that investigation of this material in terms 
of its application as photocatalyst begin very recently. For the present, the following 
facts are determined. Firstly, the existence of oxygen vacancies in Nb2O5 usually is 
considered only on terms of neutral, +1, and +2 charge states that are ascribed in a 
manner very close to that used for TiO2 or ZnO. Thus, these defects are considered 
to have donor-like characteristics. Secondly, it was determined that the latter two 
types of VO have the most preferential appearances in Nb2O5 [84, 85]. Possibly, it 
could be associated with their lowest formation energies. Both defects can have 
their predominance over each other as it depends on the parameters of their intro-
duction. Thirdly, accessing the report of Greener et al. [86], one might suggest that 
VO (+1) enables to create energy level positioned near conduction band and thus is 
likely regarded as shallow. Accordingly, this defect can originate and contribute to 
the origin and strengthening of natural n-type conductivity in this material that is 
often observed in literature [84]. In turn, VO (+2) might be responsible for energy 
level located deeper in band gap [86] and have a potential to serve as compensation 
center. Finally, it was stated that activation energies of 0.1 and 0.5–1.0 eV are likely 
required to excite the first and second electrons, respectively, thus resulting in com-
plete ionization of oxygen vacancy in Nb2O5 [87].

Electrical Properties Given that oxygen vacancies are donors in Nb2O5, it is very 
obvious that their introduction results in highly increase conductivity which evolu-
tion follows the level of deficiency [86]. For instance, Baik et al. [80] measured 
electron density of Nb2O5 nanotube arrays before and after applying hydrogen treat-
ment and discovered its increase for nearly three orders of magnitude. Thus, Nb2O5 
filled with oxygen vacancies enables to show enhanced charge transfer and reduced 
recombination rate [81].

9.4.6.4  Photocatalytic Application of Defective Nb2O5

Photocatalytic and Photoelectrochemical Water Splitting Oxygen-deficient 
Nb2O5 could demonstrate highly improve performance toward photocatalytic water 
splitting given that changes in chemical composition and non-stoichiometry greatly 
increase some of its characteristics. Particularly, Znao et al. [81] reported that Nb2O5 
filled with VO steadily produced hydrogen gas at a rate of 274.8 μmol h−1 g−1 under 
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full-sunlight irradiation spectra. It is 13 times higher compared with that of stoichio-
metric Nb2O5 (21.1 μmol h−1 g−1) (Fig. 9.7b). In turn, it was also revealed that pho-
tocurrent density could be advanced as well via application of this strategy [80].

Light-Induced Water Purification Removal of organic pollutant or dye from 
water by using defective Nb2O5 results in very high efficiencies and stability which 
make it to be conserved as attractive candidate to realize this processing. For exam-
ple, Kumari et al. [83] reported photocatalytic degradation of methylene blue under 
UV and visible lights using Nb2O5 particles and revealed that the presence of oxy-
gen vacancies greatly increases the performance of this processing.

CO2 Photoreduction There are not so many available reports regarding conver-
sion of CO2 by using Nb2O5 given that this material only recently becomes recog-
nizable as promising photocatalyst. In this regard, the application of defect 
engineering to modify its composition and structure in order to boost the efficiency 
of this process is reserved for the future. Given that oxygen vacancies can extend 
optical and electronic properties, it is believed that their presence in Nb2O5 might 
influence crucially on the overall performance toward successful conversion of CO2.

9.5  Final Remarks on Defective 
Nanostructured Semiconductors

Various materials and compounds have enormous potential and great perspectives 
to be utilized for activation and optimization of certain photocatalytic and photo-
electrochemical reactions. Yet, despite their exceptional attractiveness and theoreti-
cally predicted effectiveness, often they cannot be properly applied due to existence 

Fig. 9.7 (a) Absorption spectra of Nb2O5 and r-Nb2O5 samples. Inset: photograph of Nb2O5 
(white) and r-Nb2O5 (black). (b) Solar-light-driven photocatalytic water splitting for H2 generation 
over Nb2O5 and r-Nb2O5 samples. r-Nb2O5 was obtained after reduction process via interaction 
with aluminum. (Reprinted from Ref. [81] with permission from The Royal Chemical Society. 
Copyright 2016)
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of specific drawbacks that limit and even diminish their performances. In this regard, 
proper employment of defect engineering can adequately address most of their 
problems as it enables to introduce changes within internal structure or chemical 
composition that could lead to appearance of some highly advanced properties or 
extending further already existed features. Thus, modified materials could show 
strongly enhanced efficiencies and stabilities toward realization of these processing 
thus making step closer to the desired goal of developing a photocatalyst that could 
satisfy the strictest requirements for its industrially supported implementation.

However, application of this approach cannot proceed without proper under-
standing regarding nature and certain particularities of these defects as it would 
greatly assist in correctly identifying how to achieve the desired advancement via 
already established roadmap and strategy. Overall, the following issues should take 
prioritized consideration. Firstly, defects create energy levels within band gap that 
can identify their role as acceptor or donor which has shallow or deep characteris-
tics. It is especially important since these levels enable changes of electronic con-
figuration as Fermi energy becomes shifted and positions of both conduction and 
valence bands also might be affected. Secondly, formation energies of these defects 
are necessary to be known. It allows to reach understanding which one of them is 
expected to have dominated appearance after applying certain conditions during 
synthesis or post-synthesis treatment. Thirdly, it is also important to realize at which 
concentration the presence of defects would start to have harmful effect by degrad-
ing characteristics and properties of materials. Thus, given the above, it is evident 
that without addressing these inquiries, the application of defect engineering toward 
further development of proper photocatalyst would have to follow “trial and error 
pathways” as the choice of experimental parameters would not be supported by any 
basis of knowledge. Taking the above-mentioned Nb2O5 as example, there is strong 
need to determine the formation energies and transition levels associated with oxy-
gen vacancies as it is unknown under which conditions they might become trans-
formed into fully neutral charge states which limit their contribution to the 
strengthening of n-type conductivity. Thus, more efforts are required to make this 
topic become highly assessable without any limitation to the nature and type of 
material to which it is applied. To be clear, for the present moment, the available 
knowledge simply is not enough to provide satisfied answers even for well-known 
photocatalysis.
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Chapter 10
Extrinsic Defects in Nanostructured 
Semiconductors

10.1  Introduction

The development of extrinsic deficiency in defined materials is usually correlated 
with the presence of foreign atoms or their complexes within its structure as a result 
of intentional doping with certain element. Under proper management, it enables to 
proceed very specific and desired changes in the geometrical and electronic con-
figurations thus leading to extension and progression of their properties and features 
accompanied by consequent improvement of photocatalytic and photoelectrochem-
ical performances. In fact, by its functionality, these defects have very high resem-
blance to the impact which is associated with the presence of vacancies with only 
difference is that tuning of their characteristics provides better flexibility and adap-
tivity toward advancement of host material given that numerous elements along 
with their different concentrations can be chosen as a source of doping. Overall, the 
following particularities and specifications are associated with them. Firstly, resi-
dence of foreign atoms in crystal lattice is classified to have substitutional (replac-
ing the original atoms in periodical array) or interstitials (filling an occupied space 
out of atomic periodical arrays) localization. To determine, which one of them has 
the dominance for each given case, various factors including experimental condi-
tions associated with their introduction and consequent manipulation, type of dop-
ants and also host material, etc. should be considered. Secondly, formation of 
interstitial defect occurs instantly via diffusion process, and their existence is gener-
ally referred to the appearance of atoms with small radii such as hydrogen, carbon, 
and nitrogen. For its side, to create substitutional defect, it is necessary to make the 
atomic site in the crystal lattice empty, and only then the foreign atom can proceed 
there. Thus, it is a more complex process if only vacancy is available in advance. In 
turn, radii of substitutional atoms have less restrictions and limitations as surround-
ing near-neighbors undergo inward or outward relaxation in order to adjust new 
arrangement. Thus, introduction of metal and many non-metal elements is usually 
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proceeded via formation of these defects as thermodynamically they provide more 
favorable configuration. Thirdly, taking n-type TiO2 or ZnO as examples, doping 
with metal atoms which have more or less valence electrons than those ones that are 
going to be replaced often is used to strengthen their original conductivity or to 
advance its transitions into p-type, respectively. This process is usually accompa-
nied by the appearance of donor or acceptor levels within the band gap. It is interest 
to notice that as doping process can be highly localized, it is possible to create 
neighboring domains filled with both, positive and negative, charge carriers within 
similar material thus resulting in formation of homojunction. Fourthly, introduction 
of foreign atoms is often accompanied by the development of vacancies as they are 
necessary to compensate differences in charge state or assist in reconstruction of 
crystal lattice in order to reduce newly appeared stress due changes in dimension of 
crystal lattice. In this case, intrinsic and extrinsic defects can be combined to create 
complexes or chemical chains. Fifthly, it is also possible to make co-doping, i.e., 
atoms of two or more elements become simultaneously incorporated into target 
materials. In this case, each of them takes specific role in enhancing very particulate 
characteristics or their synergy can be used to proceed overall improvement. At the 
same time, under incorrect management, it also might lead to opposite results when 
both elements negatively influence each other resulting in partial or even complete 
shadowing of their positive influence, and thus it brings more harm. Sixthly, as dop-
ing technically is related to the incorporation of foreign atoms, it is important to 
consider the parameter of solubility that define whether they accumulate on surface 
or are supposed to “sink” deeper into the bulk and in which form. Simply to say, 
instead of being gradually penetrated into crystal lattice and spreading uniformly 
there, the dopant can avoid any interaction with crystal lattice of host materials thus 
becoming available as isolated formation or leading to appearance of new phase or 
compound that is absolutely different to that of the original one.

10.2  Advantages and Disadvantages of Using 
Extrinsic Deficiency

Every material that is used for photocatalytic processing along with strong charac-
teristics which determine its utilization and relevance also possesses certain very 
undesirable drawbacks and limitations preventing it from demonstrating expectedly 
awaiting or theoretically predicted high performance thus greatly reducing the level 
of its applicability and consequent attractiveness. In this regard, introduction of 
extrinsic deficiency can be considered as one of the most effective approaches to 
address this problem as proper management and adjustment of foreign atoms in 
crystal lattice of host material can be used to greatly reduce its associated negative 
impact and oppositely lead to strengthening of required properties. Overall, the fol-
lowing advantages are usually recognized due to employment of this strategy. 
Firstly, the absorption of light becomes greatly enhanced. It is usually proceeded via 
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development of new energy levels within the band gap, narrowing its width through 
appearance of band tail or mixing of conduction or valance bands with mentioned 
levels, thus making them shift down or up, respectively, or by developing porous 
compositions that can assist in effective trapping of photons, thus reducing chances 
of their successful escape. Secondly, doping with proper element can be used to 
adjust and tune the alignment of band gap, thus making it to be suitable for redox 
potentials of defined photocatalytic reactions and enabling their activation. In this 
case, initially inactive materials can be transformed into feasible candidate to per-
form them. As an illustration, recent finding revealed that introduction of cations 
with d10 or d10s2 electronic configurations into certain semiconductors can lead to 
development of occupied d or s states into valence band, thus making its top edge to 
be shifted up [1]. Thirdly, it is also possible to regulate processes associated with 
presence and transportation of charge carrier, thus leading to their improved separa-
tion rate and extended transportation characteristics. In addition, as foreign atoms 
can take the role of acceptor and donors with shallow or deep features, they can 
provide more precise control over changes in strength and type of conductivity than 
the one that is achieved by using intrinsic deficiency. For instance, occurrence of 
p-type doping in ZnO can be proceeded simply by doping it with nitrogen or arse-
nic. Newly created holes could be effectively preserved, stabilized, and also repro-
duced with much higher level of reproducibility compared with those obtained via 
formation of zinc deficiency. Furthermore, as there are numerous elements that can 
be used to tune the electrical and electronic properties and each of them has its own 
benefits, it allows to easily fit the given conditions and requirements and provides 
higher flexibility in reaching the desired characteristics via most effective pathway.

Definitely, extrinsic deficiency cannot be considered an absolutely ideal approach. 
In fact, it suffers from several very crucial disadvantages and serious drawbacks 
which limit its employment and force researchers to apply numerous efforts in order 
to avoid and overpass them. As an illustration, filling of mentioned above wide band 
gap materials such as TiO2 or ZnO with atoms from metallic compounds or elements 
can cause the following harmful effects and consequences. Firstly, introduced ele-
ments might have low solubility in them that leads to appearance of additional unex-
pected phases or formation of ternary component. Secondly, it is also often the case 
that thermal stability of host material greatly reduces; thus it becomes less resistant 
to the rising temperature of surrounding or other changes. Thirdly, as TiO2, for 
example, can be presented in the form of rutile, anatase, and brookite, doping can 
bring unpredicted and destructive alterations in standard protocol of phase transfor-
mation [2] (Fig. 10.1). Another problem is that out of optimal concentration and 
distribution, metal doping has great possibility to initiate the increase of recombina-
tion rate and also negatively influence the overall electronic configurations. In turn, 
the presence of atoms from non-metallic elements can often lead only to short-term 
increase in efficiency of photocatalytic reactions as they cannot be preserved under 
light irradiation and tend to escape from surface. Additionally, their introduction 
requires the application of high-temperature and prolong treatment step that might 
crucially influence the composition and structures of host material.

10.2 Advantages and Disadvantages of Using Extrinsic Deficiency
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It is also necessary to mention that doping is considered to be a resource- 
dependent process, and its utilization potentially leads to the risks associated with 
progressive resource exhaustion and unavailability of critical elements. Moreover, 
introduction of foreign atoms into target materials might greatly increase the com-
plexness of experimental procedure, thus making it become multistaged. It is also 
often the case that currently available equipment only allows doping with single and 
defined component, thus limiting its practical employment. To overcome it, addi-
tional changes are necessary to be implemented. Consequently, it results in higher 
production cost and associated difficulty to adopt this strategy for widespread. 
Nevertheless, benefits of using extrinsic deficiency in terms of demonstrated photo-
catalytic performance and future perspectives overweigh these disadvantages and 
thus make it to find great applicability among researchers.

10.3  Case Study I: TiO2

10.3.1  Brief Overview

Titanium oxide is the most investigated and utilized material for photocatalytic pro-
cessing given that it possesses various unique characteristics such as low cost, ther-
mal and chemical stability, non-toxicity, and suitable positions of conductions and 
valence bands that enable to cover redox potentials of most of currently available 

Fig. 10.1 (a) Variation of crystallite size with the annealing temperature and (b) rutile content at 
different annealing temperatures for Mn-doped and pure TiO2. Number after “Mn” means its 
atomic %. (c) The effect of the Mn dopant on the initiating anatase to rutile (A to R) phase- 
transformation process. (Adapted from Ref. [2] with permission from PCCP Owner Societies. 
Copyright 2018)
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reactions including such a demanding one as water splitting and CO2 reduction. 
Thus, its practicability is considered to be very attractive and have been pushing 
forward for the last several decades. However, successful realization of this scenario 
is hindered by several crucial well-known drawbacks associated with this material 
which need to be overcome. At first, due to wide band gap, its activation could only 
be proceeded under irradiation with UV light that is accounted for only about 4% of 
the solar spectra. In addition, extremely high recombination rate greatly reduces the 
availability of photo-induced electron holes and seriously affects their transporta-
tion to the surface, thus limiting participation in oxidation or reduction reactions. 
Another problem of TiO2 is raised from its poor affinity toward organic pollutants, 
thus resulting in their reduced adsorption. In this regard, doping with metal or non- 
metal elements can be used to enhance usability of this materials toward photocata-
lytic processing, thus making its performance approaching the required levels as 
remarkable advancement of its various properties can be achieved. Yet, it is neces-
sary to be extremely careful with this strategy as under improper and inaccurate 
management it might result in absolutely opposite and very undesirable outcome 
and bring more harm than benefits.

10.3.2  Metal Doping

Over the past several decades, metal-doped TiO2 (e.g., Mo, W, La, Nb, Co, Ni, Cr, 
Zn, V, Fe) has been widely studied for application in various photocatalytic process-
ing as the presence of these elements can highly increase its certain very specific 
features allowing to address major drawbacks and deliver higher performance. The 
main parameters that determine and navigate the introduction of these changes 
include the character and concentration of dopants as well as the nature of applied 
experimental processing that is used to introduce them. Firstly, it is well known that 
TiO2 represents n-type semiconductor with Ti having oxidation state of +4. Thus, it 
means that doping with penta- or hexa-valence elements is considered to be one of 
the most optimal choice to advance transportation characteristics of charge carriers 
and consequently enhance their recombination rate via increasing the overall con-
centration of electrons thus shifting-up the positions of Fermi level. Secondly, 
appearance of impurity levels close to conduction band also could be observed, and 
their precise positioning is fully dependent on the particularities of each introduced 
element. Thus, the width of band gap potentially could be regarded as decreased 
since electrons could travel from valence to conduction band by capturing photons 
with lower energies which could be associated with possible shift of absorption 
edge toward visible light. Thirdly, these dopants can take the additional role of elec-
tron or holes trap centers which also contribute to extending the overall lifetimes of 
charge carriers. Definitely, in order to realize it, very specific concentration of uti-
lized element should be chosen as its too high value might result in overpassing the 
solubility limits and appearance of additional undesirable phases that have a highly 
negative impact, while too low value is not enough to make any detectable changes. 

10.3 Case Study I: TiO2
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In turn, employment of metals that have tri-valent or two-valent configurations for 
doping of TiO2 has been generally considered for only rare exceptions as less attrac-
tive strategy given that their presence generally reduces the availability of electrons. 
It is out of question that they also can participate in trapping of charge carriers in a 
similar way as it was mentioned above; yet the efficiency and applicability of this 
process is less pronounce given that it only results in comparably negligible 
enhancement in photoactivity.

The presence of both acceptor- and donor-like metal-doping usually leads to 
generation of oxygen vacancies and Ti interstitials in TiO2 as their existence serves 
to compensate changes in geometrical and especially electronic configurations 
since it is often the case that due to large atomic radii, the doped element can accom-
modate in crystal lattice only with certain difficulties causing an increase in internal 
stress. However, despite these changes, it is of particulate interest that the crystallite 
size and overall surface area of metal-doped TiO2 remain relatively invariable. As a 
final word, it is necessary to notice that these defects whether as single compound 
or in synergy with introduced foreign atoms often take major roles in photocatalytic 
processing.

10.3.3  Non-metal Doping

Doping with non-metal elements such as nitrogen (N), fluorine (F), carbon (C), and 
boron (B) is considered to be a highly attractive approach to extend the photocata-
lytic performance of TiO2 beyond current limitations as their presence greatly influ-
ences the enhancement of its various characteristics. Following their small atomic 
radii and relatively high solubility level, they can easily penetrate and diffuse into 
crystal lattice filling the positions at interstitials or substitutional sites as it is con-
trolled by adjusting and tuning the parameters of utilized experimental procedures. 
The particulate type of geometrical arrangement determines whether changes in the 
electronic configurations due to introduced atoms are governed by its donor- or 
acceptor-like characteristics, respectively, i.e., via seizing elections or oppositely, 
donating them to the neighboring atoms, and creating Ti3+ species. This process is 
accompanied by the formation of corresponding impurity and defect states within 
different approximation from valence or conduction bands, and precise identifica-
tion of this localization in band gap is highly dependent on the nature of doped ele-
ment and its position within crystal lattice. For example, it was revealed that in 
substitutional mode, B gives states high in the band gap, while N can develop them 
just above the top of the valence band [3]. In turn, oxygen vacancies are also formed 
as to keep electronic and geometrical balance, and their presence also causes the 
appearance of associated mid-gap states that were specified to exist within 
0.18–0.30 eV from the minimum of conduction band [4].

10 Extrinsic Defects in Nanostructured Semiconductors



325

Thus, it is evident that this approach provides extremely high flexibility on reach-
ing required adjustment of band gap structure. To be clear, it can be applied to 
introduce more crucial and evident changes compared with that achieved via metal- 
doping processing. As an illustration, Zhou et al. [5] reported that the presence of 
nitrogen atoms into TiO2 spherical-like particles enables to switch their color from 
white to black as width of band gap was narrowed to ~1.5 eV. Thus, the optical 
sensitivity was extended up to infrared light. In the same time, due to decreased 
sizes of crystallites, the specific surface area was greatly enhanced. Furthermore, it 
also led to reduced recombination rate of charge carriers as electron and holes were 
separately trapped by the oxygen vacancy and doped nitrogen atoms leading to 
extension of their lifetimes.

10.3.4  Photocatalytic Application of Doped TiO2

Under proper management and with very accurate tuning, utilization of metal- and 
non-metal-doped TiO2 to perform photocatalytic processing such as hydrogen pro-
duction, CO2 reduction, degradation of various harmful dyes, nitrogen fixation, etc. 
can result in very promising outcome as it leads to highly enhanced efficiency and 
prolonged stability which is usually associated with increased absorption in visible 
light and the presence of additional energy states in the band gap that assist in trans-
portation of charge carriers to the surface and also contribute to their reduced 
recombination rate. For example, Gao et al. [6] reported that introduction of Mg 
atoms into TiO2 ultrathin hollow spheres could activate the realization of overall 
water splitting reaction under simulated sunlight. The yield of obtained hydrogen 
and oxygen followed the concentration of dopant and reached maximum at its pres-
ence of ~0.5% (Fig. 10.2a, b). In turn, Akple et al. [7] investigated the influence of 
nitrogen doping on the capability of TiO2 microsheets to decompose CO2 under 
irradiation with visible light. It was determined that their presence greatly advance 
electrical and optical characteristics leading to increased rate of generated CH3OH 
determined as a secondary product of reduction reaction which was much higher 
than that of commercial TiO2 (Fig. 10.2c, d). Furthermore, co-doping strategy that 
is used to combine the presence of metal and non-metal atoms is also often consid-
ered as an effective approach given that correct choice of elements that is applied for 
it can cause the appearance of strong synergy between their attractive features and 
also lead to elimination of certain undesirable drawbacks that are associated with 
their presence as a single compound in TiO2. As an illustration, Zhuang et al. [8] 
demonstrated that application of Sn,N/co-doped TiO2 resulted in highly enhanced 
yield of hydrogen production via photocatalytic water splitting compared with that 
of TiO2 filled with only N or Sn. It was revealed that formation of both Ti-O-Sn and 
Ti-O-N linkages greatly affects the electronic structure of this material as edge of 
valence band was shifted up thus leading to more efficient utilization of light.

10.3 Case Study I: TiO2
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10.4  Case Study II: ZnO

10.4.1  Brief Overview

Among various materials that are considered to have great potential to be used in 
photocatalytic processing, ZnO by usability and popularity is defined to be one of 
the most applied and investigated metal oxides. Its attractiveness is associated with 
the presence of various unique characteristics and properties such as excellent 
chemical and photochemical stabilities, non-toxicity, low cost, environmental 
friendliness large exciton binding energy (60 meV), etc. Furthermore, compared to 
well-known and widely studied TiO2, it possesses better optical absorption spec-
trum and also the production cost much lower which makes it to be more favorable 
choice. These advantages, however, are shadowed by very poor optical characteris-
tics as the presence of wide band gap allows to utilize only UV light that contributes 
very little to the solar energy. As a result, the activation of ZnO to proceed 

Fig. 10.2 (a) SEM image of 0.5% Mg-TiO2 hollow spheres. (b) Gas generation rates of Mg-TiO2 
hollow sphere with 0%, 0.1%, 0.5%, 1% Mg doping during photocatalytic overall water splitting. 
(Adapted from Ref. [6] with permission from Elsevier. Copyright 2016) (c) SEM images of as- 
prepared N-TiO2 microsheets (MS). (d) Comparison of CH3OH production rates over TiN, N-TiO2 
MS, commercial TiO2 (P25), and N-TiO2 nanoparticles (NP) under full spectrum light irradiation 
(1) and visible light irradiation (2) for 2 h. (Adapted from Ref. [7] with permission from Elsevier. 
Copyright 2015)
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photocatalysis cannot be realized under irradiation with visible or near-infrared 
lights. Another problem of this material is that recombination of electron-hole pairs 
is too high, and thus it limits their successful transportation toward surface where 
they can initiate the redox reactions with absorbed molecules. In this regard, intro-
duction of extrinsic deficiency that is available in the form of metal and non-metal 
doping can be used to address these problems and to convert ZnO into efficient and 
practical material that enables to show the desired level of performance regardless 
its morphological or structural particulates as main changes are proceeded within its 
crystal lattice and chemical composition. These improvements can be defined and 
implemented with very precise accuracy given that wide number of elements along 
with their concentrations could be employed as dopants. However, this approach 
should be considered with great caution as often without proper management 
instead of expected advancements it might bring more harm. For example, as ZnO 
usually possesses very large number of various intrinsic defects, the presence of 
certain foreign atoms might lead to their extreme excess thus transforming them 
into recombination centers.

10.4.2  Metal Doping

Similar to TiO2, metal doping of ZnO could result in highly enhanced separation 
rate of charge carriers as introduced atoms usually serve the role of trapped centers 
that extend the individual lifetimes of electrons or holes. Furthermore, they often do 
not change the positions of band gap with respect to vacuum level as it only results 
in appearance of donor or acceptor-like transitions levels within it [9] which could 
be used by electrons as a step to travel from valence to conduction band. In this 
regard, their transfer becomes possible by absorbing photons only with energies laid 
in the range of visible light. As for more concrete discussion, it is commonly 
accepted that doping with transition metals such as Fe, Cu, Co, and Mn is consid-
ered to be the most optimal choice to modify ZnO given that they have relatively 
similar atomic radii compared with that of Zn2+ allowing them to diffuse easily 
within crystal lattice. Thus, it causes highly negligible distortion of surrounding 
near-neighbors. However, due to the existence of charge compensation effect, or 
following the rearrangement of geometrical configuration as to minimize changes in 
internal energy, appearance of oxygen or zinc vacancies often cannot be avoided. 
Another advantage of utilizing these elements is that they have very accessible level 
of solubility in ZnO which means that formation of any non-desirable phases can be 
effectively avoided or its impact is reduced. It is also well documented that the pres-
ence of transmission metals in ZnO also causes crucial enhancement of specific 
surface area as the sizes of crystallites become reduced [10]. In turn, doping with 
rear earth metals such as Ce, Eu, and La is less effective and requires more efforts 
to be successful. Firstly, their availability is limited by very low saturated concen-
tration; thus it might initiate the appearance of third phases in ZnO, such as forma-
tion of La2O3 during La-doping [11]. Given that band gap of this compound reaches 
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~5.3 eV [12], instead of desirable enhancement of optical characteristics, one may 
expect their worsening. Secondly, the difference in ionic size compared with that of 
Zn2+ makes their incorporation and consequent travel within crystal lattice more 
difficult, and it results in a huge distortion of structural and morphological features 
which also contribute negatively on advancement of some important properties.

As a final remark, one should notice that out of all other metals that are not 
included into two mentioned above groups, doping with Al is also demonstrated to 
be the most attractive approach as it activates the development of remarkable con-
ductivity and appearance of impressive chemical stability [9]. The only problem 
that negatively influences practical adoption of this compound is its sensitivity to 
moisture [13] and that it requires to have complete absence of disorder locations as 
to ensure good carrier mobility [14]. Given that ZnO usually is rich in vacancies, it 
is considered to be a challenging issue.

10.4.3  Non-metal Doping

Non-metal doping of ZnO is associated with many interest and unique phenomenon 
that occurred within its crystal lattice as it allows to tune and adjust certain and very 
defined characteristics of this material. Overall, the following particularities are 
determined. Firstly, in analogy to TiO2, introduced foreign atoms also can reside in 
interstitials or substitutional positions whether as individual compound or in the 
form of defect complex that occurred via interaction and consequent association 
with atoms and various imperfections of surrounding crystal lattice, and it crucially 
influences the nature and localization of corresponding energy levels within band 
gap as they might have donor or acceptor-like characteristics. It is, however, the case 
that they mostly occurred in a lower part of band gap as it happened, for example, 
during introduction of nitrogen atoms which existence as substitutional or intersti-
tial defects leads to appearances of these levels at a distance of ~0.3 and ~1.4 eV, 
respectively, above the top of valence band [9]. Secondly, due to broken thermody-
namic equilibrium, the formation of various intrinsic defects such as oxygen vacan-
cies, Zn interstitials, etc. can hardly be avoided during doping as their presence 
allows to minimize changes of internal energy. Furthermore, under proper concen-
tration and distribution, they can assist in enhancing the separation of charge carri-
ers by taking the role of their traps and also contributing to overall increase of 
conductivity or advancement of charge transportation characteristics. Thirdly, sub-
stitutional doping of certain non-metal elements also can occur via residing at Zn 
vacant positions and compare with other materials, such as replacement of metal 
atoms has very high probability to occur and thus has very crucial influence. For 
example, Tan et al. [15] demonstrated that during introduction of carbon, this type 
of defect has the lowest formation energy among others once oxygen-rich 
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conditions were applied. Furthermore, it was also revealed that as a single com-
pound, it represents donor-like characteristics; yet, once it becomes associated with 
oxygen interstitial, the transformation into acceptor-type defect was observed. 
Fourthly, the presence of non-metal compound in the atomic or molecular form as 
one can observe in case of nitrogen doping influences greatly on its capability to 
strengthen natural n-type conductivity of ZnO or serve a source of n → p transitions 
[16]. However, contrary to such a crucial change in electronic configuration, it is 
necessary to notice that structural characteristics after doping usually remain the 
same or undergo negative impact [17]. Thus, it is obvious that changes in morphol-
ogy cannot contribute to the enhancement of photocatalytic activity and in fact, 
oppositely, degrade it.

10.4.4  Photocatalytic Application of Doped ZnO

There is a general concern and agreement that introduction of various metal and 
non-metal compounds into ZnO whether during synthesis or as a result of post- 
synthesis treatment usually results in highly enhanced photoactivity in terms of 
water purification, hydrogen production, CO2 reduction, or other related reactions. 
It is mostly attributed to enhance optical and electrical properties as, firstly, due to 
existence of energy levels within the band gap, the sensitivity toward irradiation 
with visible light increases and, secondly, recombination rate of photoinduced elec-
tron holes reduces greatly while their transfer to the surface where they can react 
with adsorbed molecules becomes more efficient. Yet, this outcome cannot be con-
sidered as ultimate and always happened as only application of very carefully uti-
lized experimental conditions could guarantee it since there always exists a 
possibility that doped elements due to their very controversial and easily changeable 
nature could also bring harm. For example, Kobayashi et  al. [18] prepared ZnO 
nanorods doped with nitrogen by using zinc-ammine complex solution followed by 
consequent thermal annealing at 300–700 °C and utilized them for photoelectro-
chemical water splitting under light with wavelength over 420 nm (Fig. 10.3a). It 
was observed that at low temperature of treatment, N atoms serve as donors contrib-
uting greatly to enhancing concentration of charge carriers (Fig. 10.3b), and also 
various related characteristics and thus greatly improving the performance. In turn, 
at more harsh conditions, the nature of these atoms becomes transformed into 
acceptors, and thus, their presence resulted in very dramatic decrease of available 
electrons and overall degrading of photoefficiency even though more advanced opti-
cal properties were achieved (Fig. 10.3c).
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10.5  Case Study III: Ta2O5

10.5.1  Brief Overview

Among various materials and compounds currently available for photocatalytic pro-
cessing, tantalum peroxide (Ta2O5) deserves special attention due to perfect chemi-
cal and thermal stabilities accompanied by high dielectric constant. Furthermore, 
compared with well-known and widely investigated TiO2, the position of its con-
duction band is located ~0.3 eV more negative with respect to vacuum level which 
defines the existence of improved kinetic toward realization of reduction reaction 
and also influences greatly on the capability to produce more superoxide radicals. 
Yet, these positive features are easily shadowed by the presence of extremely wide 
band gap equaled to ~4.0 eV which limits the absorption of visible light and thus 

Fig. 10.3 (a) Electrochemical current-time measurements recorded on N:ZnO nanorod array 
(NRA) with light on/off cycles at 0.8 V using >422 nm illumination. (b) Calculated carrier densi-
ties and (c) diffuse reflectance spectra of N:ZnO NRAs with and without treatment at different 
temperatures. (Adapted from Ref. [18]. Copyright 2018, The Royal Society of Chemistry. Available 
under Creative Commons Attribution-Non Commercial 3.0 Unported License, https://creative-
commons.org/licenses/by- nc/3.0/)
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leads to critically low number of available photoinduced electron holes that can 
interact with adsorbed molecule. Furthermore, the presence of high recombination 
rate further reduces their concentration as not all of them are able to reach the sur-
face which means that significant part of them becomes annihilated in bulk. In that 
sense, it is suggested that introduction of foreign atoms can effectively address these 
problems as their presence could proceed the formation of additional intermediate 
levels within band gap thus greatly increasing the utilization of photons with lower 
energies. This process usually is accompanied by increase in the transport charac-
teristics of charge carriers as introduced atoms often serve as individual trapping 
centers for them. Overall, more thorough discussion regarding applicability of metal 
and non-metal elements as a source of doping in Ta2O5 is provided below.

10.5.2  Metal Doping

Metal doping of Ta2O5 is a less popular approach compared with that of using non- 
metal elements. Currently, only several elements such as Fe, Na, K, and Cu [19–21] 
have been investigated in detail as to show the influence of their incorporation on 
the evolution of various characteristics with regard to consequent photocatalytic 
application. Overall, the following particularities are defined for this strategy. 
Firstly, the presence of metal atoms generally leads to increase of crystallites or 
pore sizes if mesoporous stricture is used and thus results in overall degradation of 
specific surface area [19, 20]. Secondly, changes in the optical sensitivity depend on 
the choice of doped elements as it can lead to positive and negative outcome. For 
example, introduction of Na results in increased width of band gap [20], while uti-
lization of Fe causes an absolutely opposite consequence as absorption edge shifted 
to ~500 nm [19]. It is necessary to notice that both phenomena are concentration- 
dependent, i.e., the more foreign atoms are introduced into Ta2O5, the more obvious 
is the change in band gap width. In turn, reverse trend was observed in case of Cu 
doping with consideration that changes in other parameters also might influence it 
[21]. Thirdly, it is often the case that the presence of certain metals such as Gd [22] 
or Ti [23] might result in increased resistivity of Ta2O5 or degraded J-V characteris-
tics which also could be interpreted as transportation of charge carriers results in 
less effect. Thus, one should become extremely aware when choosing proper ele-
ments to be combined with Ta2O5. It might be concluded that this phenomenon has 
certain correlation with the existence of Ta in Ta2O5 in the state of +5. In this regard, 
application of metal-doping strategy to strengthening natural n-type conductivity 
via increasing the concentration of electrons and their mobility can be challengeable 
given that only element with valence of 6 or higher are preferential to be used. Yet, 
it is not always the case as, in perspective, the presence of metals with other valances 
also can contribute to the enhancement of electrical characteristics.
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10.5.3  Non-metal Doping

Non-metal anion doping, which is associated with using N, F, and S or other related 
elements, is one of the most popular ways to address most crucial drawbacks of 
Ta2O5 as their presence has very critical influence on the changes in electronic con-
figuration. Thus, it governs the transportation of charge carriers and also determines 
wavelength range of light that can be utilized. Among them, nitrogen is considered 
to be the best and most popular choice since its 2p states and ionic radius are close 
to those of oxygen [24]. Several particularities can be defined with regard to appli-
cation of this element. Firstly, its residence at substitutional site results in appear-
ance of unoccupied energy level below conduction band. In turn, when nitrogen is 
presented in the form of interstitial defect, there is additional occupied level local-
ized above valence band [25]. Both of them influence greatly on the narrowing of 
band gap and consequent appearance of visible light absorption. It becomes evident 
by changing the color of Ta2O5 from white to orange [24]. Secondly, theoretical 
calculation revealed that residing of nitrogen at former positions is thermodynami-
cally a more favorable configuration [25]. Thirdly, its presence enables to switch the 
conductivity of Ta2O5 from n- to p-type [26] which contributes greatly to enhancing 
the transfer of electrons to the surface. Fourthly, nitrogen doping also results in 
positive shift of both valence and conduction bands that could be assigned to the 
appearance of generated dipole moments normal to the surface which enable to 
raise the electrostatic potential inside the Ta2O5 relative to the vacuum [25]. The 
change of band gap positioning with respect to vacuum level has very controversial 
influence on the photocatalytic activity of this materials. At one side, higher local-
ization of conduction band minimum with respect to redox potentials of reduction 
reactions leads to improved kinetic. In other side, there might occur situation when 
maximum of valence band after shift is unable to match the redox potential for oxi-
dation reaction, and thus to make it proceeded, the application of external bias is 
required [26].

As a final remark, it is necessary to notice that the presence of non-metal ele-
ments in Ta2O5 generally results in grave transformation of morphology as it leads 
to reduced crystallite size or smaller pore size which could be interpreted as increase 
in specific surface area [27]. Furthermore, it is often the case that these changes fol-
low the concentration of introduced foreign atoms. Another important particularity 
of this approach is that large number of various intrinsic defects such as oxygen 
vacancies or tantalum interstitials might appear in crystal lattice of host materials in 
order to compensate broken thermodynamic equilibrium caused by doping [24]. In 
case of using metal elements, their existences are less evident given limitation of 
solubility.
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10.5.4  Photocatalytic Application of Doped Ta2O5

It is out of question that the presence of foreign atoms in Ta2O5 in most cases can be 
correlated with highly improved performance toward processing of various photo-
catalytic reactions such as hydrogen production, CO2 reduction, dye degradation, 
etc. given the enhanced absorption of visible light and more efficient charge separa-
tion characteristics which are especially evident in case of its transformation into 
p-type conductive material. Adjusting the parameters of synthesis or post-synthesis 
procedures can lead to more accurate tuning of resulted outcome as it fully depends 
on the concentration and distribution of doped elements. For example, An et al. [27] 
investigated introduction of fluorine into Ta2O5 shuttle-like structures composed of 
small nanoparticles via hydrothermal approach under different temperatures rang-
ing from 160 to 220 °C and its application in water splitting reaction under illumina-
tion with xenon lamp. It was discovered that once the synthesis was proceeded at 
180 °C, it resulted in highest performance among other samples which was attrib-
uted to the most optimal synergy between F atoms and accompanied oxygen vacan-
cies along with reduced Ta4+ sites (Fig. 10.4). Yet it is important to notice that very 

Fig. 10.4 (a) Photocatalytic hydrogen production and (b) the corresponding rate of different sam-
ples in methanol solution (20 vol%) under 300 W Xe lamp. FTNSs can be designated as fluorine- 
doped Ta2O5 nanoshuttles. Different numbers after FTNS show the temperature of hydrothermal 
treatment. (c) SEM image of FTNSs-180 °C which showed the best performance. (Adapted from 
Ref. [27] with permission from Elsevier. Copyright 2021)
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accurate strategy should be applied to realize this scenario as doping with particu-
late elements such as nitrogen might result in inability of Ta2O5 to perform overall 
water splitting or complete CO2 reduction procuress since the positions of valence 
band. In this case, it becomes too high for covering the redox potential of oxidation 
reaction. Thus, it only can be used as photocathode [26].

10.6  Case Study IV: Ta3N5

10.6.1  Brief Overview

Tantalum nitride is a very attractive and promising material to be applied in various 
photocatalytic reactions as in addition to its compositional simplicity, chemical 
inertness, and environmental compliance, it also possesses relatively narrow band 
gap equaled to ~2.1 eV. Thus, its activation and optimization can be easily realized 
by using visible light. Furthermore, the positions of conduction and valence bands 
with respect to redox potentials determine the ability for performing water splitting 
or CO2 conversion without use of additional co-catalyst or external bias. However, 
it is often the case that the presence of various surface states, existence of unregis-
tered and non-defined imperfections within crystal lattice, or availability of unex-
pected contaminations influences the alignment of band gap resulting in highly 
reduced capability to perform reduction reaction. In this regard, Ta3N5 is more appli-
cable to serve as photoanode to perform more complex and thermodynamically 
highly demanding oxidation reaction. Yet, the efficiency of this material is still far 
from satisfactory, and full realization of its potentials as photocatalyst cannot be 
proceeded due to presence of several crucial drawbacks that greatly shade its advan-
tages. One of them is referred to gradual appearance of self-limiting surface oxida-
tion that existence is triggered by contact with water and activated by support of 
light irradiation. It leads to pinning of Fermi levels, and it dramatically suppresses 
the performance of Ta3N5. Furthermore, low carrier mobility results in greatly 
reduced charge separation and transport characteristics. To address them, it was 
reported that doping can be considered as an effective strategy.

10.6.2  Metal Doping

Due to nature of Ta3N5 that represents nitride compound, metal doping is considered 
to have the highest impact on changes of its electronic and geometrical structures. It 
has several very important particularities which need to be emphasized as to reach 
full and defined understanding of this processing. Firstly, in order to keep charge 
balance, it is often the case that introduced foreign atoms are accompanied by accu-
mulation of oxygen in Ta3N5 which was evidenced, for example, during doping of 
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Mg or Zr [28, 29]. It resigns in nitrogen positions thus taking the role of substitu-
tional defect (ON). Given that corresponding energy level associated with it is 
located close to conduction band; thus ON is determined to be shallow donor state 
that contributes greatly to enhancing the migration of electrons [30]. Secondly, 
influence on the optical properties is very individual for each particulate metal ele-
ments as it refers to existence of corresponding energy levels within band gap and 
consequent appearance of intrinsic defect. As an illustration, it was observed that 
the presence of Na, K, Rb, and Cs atoms might result in reducing the band gap for 
0.2–0.3  eV and highly improved sensitivity toward irradiation with visible light 
[31], while introduction of Zr and Mg causes much less if any changes in UV-vis 
spectra [29, 30]. In turn, utilizing of W as dopant at concentration over 1% might 
leads to absolutely opposite outcome, e.g., worsening of absorption characteristics 
in both UV and visible spectrum [32]. Thirdly, structural properties before and after 
filling with foreign atoms also cannot be considered as to follow certain trends since 
it is fully depending on their nature. Particularly, the presence of Zr results in rela-
tively unchanged morphology [29]. In turn, introduction of V into Ta3N5 nanoparti-
cles hinders their agglomeration and clustering which was attributed to reduced 
sizes [33]. Consequently, the increase of specific surface area for nearly two times 
was observed. Fourthly, it is important to consider solubility of metal dopants in 
Ta3N5 as it is often the case that the only very limited concentrations can be utilized, 
and thus the enhancement of characteristics can be proceeded within defined range. 
Taking mentioned above V atoms as example, it was shown that their existence in 
Ta3N5 can produce changes only up to 2% wt [33].

10.6.3  Non-metal Doping

Non-metal doping of Ta3N5 is a very narrow and specialized subject as most of 
reports currently presented in literature about it are dedicated to the introduction 
and consequent manipulation over presence of oxygen atoms given their capability 
to bring very crucial changes in electronic and geometrical configurations. In fact, 
it was revealed that formation energy of oxygen substitution for nitrogen (ON) on 
Ta3N5 is lower than that of even nitrogen vacancy [34] and, in fact, has negative 
value which confirms that appearance of these extrinsic defects in most cases cannot 
be avoided and thus should be designated as constantly available impurity. Due to 
existence of corresponding energy level located close to conduction band, ON is 
determined to be a shallow donor, which presence usually results in enhancement of 
charge transportation characteristics and strengthening of intrinsic conductivity 
[30]. In addition, theoretical estimation predicted that O atoms have stronger ability 
to obtain electrons in comparison to N atoms [34]. Another benefits from introduc-
tion of oxygen into Ta3N5 is that it can increase the stability of this materials thus 
potentially leading to better resistance toward appearance of photocorrosion. 
Finally, the optical characteristics also might be enhanced as absorption edge can 
shift to longer wavelength [35]. Yet, it is possible only once the precise control over 
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concentration and distribution of oxygen are achieved as its excessive accumulation 
and consequent clustering should be avoided. Otherwise, appearance of oxygen in 
Ta3N5 might lead to various undesirable outcome including gradually increased 
band gap, critical suppression of photocatalytic efficiency as it was mentioned 
above. In far perspective, it also can cause the transformation of Ta3N5 into TaON or 
even Ta2O5.

10.6.4  Photocatalytic Application of Doped Ta3N5

As non-metal doping that is mostly represented in the form of oxygen incorporation 
has several critical limitations which means that its deliberate implementation can-
not always guarantee positive outcome, it is very obvious that filling of Ta3N5 with 
certain and defined metal elements and consequent control over their presence such 
as adjusting concentration and distribution or interaction with intrinsic defects is a 
more evident and applicable strategy to enhance photocatalytic performance of this 
materials in order to effectively process highly demanding reactions that include 
hydrogen production, CO2 reduction, and degradation of various harmful dyes. For 
example, Kado et al. [31] demonstrated that introduction of different alkaline metals 
such as Na, K, Rb, and Cs greatly increases the efficiency of Ta3N5 to initiate pho-
toelectrochemical water splitting using simulated solar light (Fig. 10.5). This result 

Fig. 10.5 Photoelectrochemical measurement of pure and doped Ta3N5 under simulated sunlight 
AM 1.5. (Adapted from Ref. [31] with permission from The Royal Chemical Society. 
Copyright 2012)
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was explained by reduced charge transfer resistance as the conductivity was 
increased. It is interesting that best and lowest performances were discovered for 
Rb- and Cs-doped samples, respectively, which clearly demonstrated that the nature 
of used metal atoms is a highly important parameter. In turn, Nguyen et al. [33] 
investigated how the presence of V in Ta3N5 with different weight concentrations 
ranging from 1% to 3% influences the outcome of CO2 photoconversion process 
activated by irradiation with visible light and estimated in terms of generated CH4 
and CO gases. It was revealed that while pristine samples showed low efficiency to 
perform this reaction, V doping can significantly enhance it. Following it, the high-
est production rate was achieved at 2% V-Ta3N5.

10.7  Case Study V: Fe2O3

10.7.1  Brief Overview

Extensive utilization of hematite (α-Fe2O3) in various photocatalytic reactions is 
mainly determined by its very attractive characteristics and features which include 
earth abundance, environmental friendliness, absolute non-toxicity, and chemical 
stability against photocorrosion in aqueous environment. Furthermore, this material 
possesses narrow band gap equaled to 2.0–2.2 eV which makes its absorption edge 
to cover very wide range of visible spectrum. Under sunlight irradiation, it allows to 
create large number of electron-hole pairs that can be used in activation and optimi-
zation of adsorbed molecules to proceed photocatalytic reaction thus potentially 
demonstrating very impressive results. For example, theoretical estimation regard-
ing water splitting process revealed that energy conversion efficiencies should reach 
the value greater than 12%. However, currently, this value is hardly achievable as 
the presence of certain drawbacks limits the applicability of the following: Firstly, 
due to the position of band gap with respect to vacuum level, it is regarded to serve 
only as catalyst for oxygen evolution reaction (OER). Definitely, its outcome can be 
used further to successfully complete overall photoelectrochemical water splitting 
or CO2 conversion processes; yet, to implement this strategy, the presence of addi-
tional compounds as a part of complex heterostructure that includes α-Fe2O3 or in 
the form of co-catalyst is required. It provides additional difficulties in using this 
material and its proper adaption for wide use. Secondly, realization of OER half- 
reaction in terms of absolute values is far from ideal due to presence of large over-
potential that often requires the use of external bias. Thirdly, it is also necessary to 
consider low conductivity, short diffusion length of the photogenerated holes, and 
extremely high electron-hole recombination rates of α-Fe2O3 that degrade further 
the photocatalytic efficiency. In this regard, employment of doping strategy is deter-
mined as attractive approach to properly address most of these issues thus increas-
ing the attractiveness and usability of α-Fe2O3.

10.7 Case Study V: Fe2O3
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10.7.2  Metal Doping

Introduction of metal atoms into α-Fe2O3 to advance its various characteristics 
including electronic configuration, change of conductivity, optical properties, etc. is 
considered to be a highly controversial and complex processing as it is greatly 
depended on the choice of utilized element, its characteristics, or method used to 
introduce it. Thus, under improper management, very negligible if any improve-
ment can be obtained. Overall, the following particularities are identified. Firstly, it 
was revealed that the presence of transition metals such as V, Cr, Mn, Zn, Co, Ni, 
Cu, Nb, Mo, and Ti leads to very slight change of band gap ranging only ~0.1 eV 
[36]. In turn, the alignment of both conduction and valence bands with respect to 
vacuum level becomes upshifted. Relatively similar observation regarding absorp-
tion characteristics of α-Fe2O3 was observed during its doping with noble metals 
with only difference that both bands were shifted down slightly [37]. As for the 
electrical characteristics, the presence of metal atoms usually results in higher den-
sity of charge carrier and, thus, contributes to the improved electrical conductivity 
of α-Fe2O3 with only exceptions of Ni and Ti [36]. Secondly, as some metals such 
as Zn or Mn can have less availability of valence electrons compared with that of 
Fe3+, they can not only take roles of p-dopants which is obvious but also enable to 
become the source of strengthening the n-type conductivity since it depends on their 
localization, i.e., whether outside or inside crystal lattice of α-Fe2O3. In the latter 
case, they are presented in the form of surface accumulation identified as chemical 
doping, while in former case, they are introduced as substitutional defect replacing 
Fe3+, respectively [38]. In addition, they not only contribute to the increased concen-
tration of relevant type of charge carriers but also can be used as trap centers selec-
tively capturing electrons or holes and thus inhibiting the recombination via 
increasing their lifetimes. Thirdly, filling of α-Fe2O3 with metal atoms usually 
degrades its structural characteristics due to increased size of crystallites that is cor-
related with reduced specific surface area [37]. Fourthly, it is also necessary to con-
sider the factor of solubility while discussing the doping effect since the introduced 
changes in various characteristics of α-Fe2O3 are greatly dependent on the concen-
tration of utilized elements.

10.7.3  Non-metal Doping

Introduction of non-metal atoms can effectively address main drawbacks of α-Fe2O3 
transforming it into highly efficient and practical photocatalyst with excellent char-
acteristics. Surely, precise tuning is mostly dependent on the nature and concentra-
tion of utilized foreign atoms as it determines the level of expected advancement. In 
this context, several very crucial controversies could be observed in literature that 
might influence negatively on full and successful realization of this strategy. Overall, 
the following particularities are defined. Firstly, numerous experimental studies 
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demonstrated that optical characteristics α-Fe2O3 after combining with various 
anion elements including sulfur [39], nitrogen [40], carbon [41], or fluorine [42] are 
remained relatively the same or even degraded slightly which means that that the 
presence of these atoms cannot be used to improve absorption of light. In turn, theo-
retical estimations came to opposite conclusion. For example, it was predicted that 
S-doping enables to reduce width of band gap from original value of ~2.1 to 
~1.45 eV or even lower as it depends on the dimension of α-Fe2O3, i.e., whether this 
material is available as bulk compound or thin film [43, 44]. Furthermore, it was 
revealed that concentration of S also plays a crucial role as the higher it is, the more 
evident it becomes the positive shift in absorption edge. Secondly, non-metal ele-
ments such as nitrogen and fluorine or sulfur can selectively introduce both accep-
tor- and donor-like additional level close to valence or conduction band, respectively, 
which causes the enhancement of charge separation and significantly reduces the 
recombination effect. Furthermore, in former case, it results in appearance of p-type 
conductivity [40, 42] and also influences band alignments which enable to approach 
the redox potentials of reduction reaction [45] thus making α-Fe2O3 potentially eli-
gible to perform overall water splitting process and CO2 conversion. For its part, 
S-doping preserves the position of conduction band [43] and only leads to upshift-
ing of Fermi level [39]. Thirdly, the presence of non-metal elements in α-Fe2O3 has 
positive influence on its morphological features as the grain size becomes dramati-
cally reduced which could be linked to increased specific surface area [41]. As for 
the 1-D structures, which is one of the most common forms of α-Fe2O3, their shapes 
and sizes after doping remained relatively the same or changed only slightly [39].

10.7.4  Photocatalytic Application of Doped α-Fe2O3

It is evident that doped α-Fe2O3 in most cases demonstrates improved performance 
toward processing of various photocatalytic and photoelectrochemical reactions 
such as hydrogen production, CO2 reduction, dye degradation, etc. given more effi-
cient transport characteristics of charge carriers and their reduced recombination 
rate which are often accompanied by transformation of its conductivity into p-type. 
Thus, higher incident photon-to-current efficiency (IPCE) can be observed even 
though the absorption spectra is remained the same. Due to positions of its conduc-
tion band, α-Fe2O3 is mostly applied as photoanode as in this role it demonstrates 
the best outcome. Overall, comparing metal and non-metal doping, it might become 
evident that under proper control over the concentration of introduced foreign 
atoms, the former strategy often can lead to better enhancement of efficiency using 
relative units or in comparison with certain standard. For instance, Zhang et al. [39] 
revealed that S-doped α-Fe2O3 nanorods array grown on a Ti plate shows a substan-
tially increased photocurrent density of 1.42 mA cm−2 at 1.23 V vs RHE in 1.0 M 
NaOH under simulated sunlight irradiation which was 2.45 times higher than that of 
pristine α-Fe2O3 counterpart which performance reached only 0.58  mA  cm−2 
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(Fig. 10.6a). It also showed great stability (Fig. 10.6b). In addition, IPCE efficiency 
in the wavelength range of 350–600  nm was increased for nearly 3.5 times 
(Fig.  10.6c). In turn, Jang et  al. [46] investigated via scanning electrochemical 
microscopy under applied potential of 0.2  V vs. Ag/AgCl how doping and co- 
doping with different types of metals influences the efficiency of α-Fe2O3. It was 
discovered that while α-Fe2O3 showed the photocurrent of only 8  ±  2  nA using 
irradiation with visible light, its doping with 6% Be-4% Sn resulted in very dramati-
cal enhancement of this value as it reaches 130 ± 15 nA which was interpreted as 
~15 times improvement.

10.8  Case Study VI: MoS2 and WS2

10.8.1  Brief Overview

Molybdenum and tungsten disulfates that are available in the form of mono- or 
several-layered structure are considered as attractive materials that could be applied 
in photocatalytic processing given their narrow band gap of ~1.9 eV and 2.0 eV, 

Fig. 10.6 (a) Linear sweep voltammetry curves of α-Fe2O3 and S:α-Fe2O3 photoanodes under AM 
1.5G illumination and in the dark in 1.0 M NaOH with a scan rate of 5 mV s−1. (b) Time-dependent 
current density curves measured under illumination and (c) IPCE at 1.23 V vs RHE. (Adapted 
from Ref. [39] with permission from American Chemical Society. Copyright 2017)
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respectively, that allow to absorb visible light, suitable positions of valence and 
conduction bands with respect to redox potentials for oxidation and reduction reac-
tions, and other related characteristics. However, these advantages are shadowed by 
extremely high recombination rate of charge carriers, low mechanical stability as 
their layers can be easily broken up, very minor resistance to keep electronic and 
geometrical configurations within the required range under unfavorable conditions, 
and low capability to capture the absorbed photons. It restrains full and complete 
realization of MoS2 and WS2 and degrade perspectives of their application. In this 
regard, employment of doping strategy can be considered as an efficient tool to 
properly address these drawbacks and also to achieve precise control over electrical, 
optical, and structural properties of these materials. Contrary to conventional semi-
conductors with 3-D structures that were described above, introduction of impurity 
atoms into these materials usually proceeded via the following mechanism: (i) 
residing at substitutional position thus replacing S or Mo/W and (ii) localization 
between layers which defines introduced foreign atoms as intercalation defects. 
Given the length limitation of ionic bonds, it was determined that non-metal dopants 
in MoS2 and WS2 usually prefer to occupy anion sites at the outer layers, while for 
metal dopants, the favorable position has clear dependency on their atomic sizes 
[47]. Elements that have relatively small radii, such as Li, Mg, and Ca, prefer to 
accommodate at intercalation sites due to attractive dispersion interactions, whereas 
for heavy dopants with larger radii, the substitutional positioning is thermodynami-
cally more favorable as it reduces probability to create exchange repulsion between 
them and W or S atoms [48]. Both types of defects are discussed below in more 
details.

10.8.2  Metal Doping

Substitutional Doping In order to achieve highly effective substitutional doping 
that enables to improve the characteristics and features of MoS2 and WS2, transition 
metals are considered to be one of the most optimal choices as their sizes are very 
close to that of W or S which minimize the distortion of modified crystal lattice. 
Furthermore, their presence also allows to achieve precise control over the strength 
and type of conductivity. For example, Yoshimura et al. [49] reported that as Nb and 
Ta possess one less valence electron than Mo does, thus they are determined to be 
p-type dopants in MoS2. In turn, Re and Tc take the roles of contributors to n-type 
conductivity, having one more valence electron than Mo. It is necessary to notice 
that the presence of the encapsulating chalcogenide layers effectively block the 
incorporation of extrinsic metal element in the post-growth treatments. Hence, it is 
of general concern that this type of doping can be achieved only during the fabrica-
tion process of the MoS2 or WS2, e.g., by adjusting the composition of precursors or 
via tuning the conditions of the growth environment. In this case, however, it is 
especially important to be very careful with concentration of introduced atoms as its 
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too high value may result in unexpected phase transformation [47] or the increase of 
band gap which eventually reduces the number of absorbed photons [49].

Intercalation Doping It is considered to be a great approach to change the elec-
tronic structure of the host materials and various interest phenomenon including 
unconventional superconductivity, and charge density waves were discovered via its 
application. During this process, when the donor (acceptor)-type intercalants are 
inserted between the layers of the host 2-D material, they donate (withdraw) elec-
trons to (from) the adjacent host layers, causing their Fermi level to shift and prop-
erties to change [50]. It results in great enhancement of electrical characteristics and 
improved charge transport properties. However, this type of doping is rarely applied 
to assist in proceeding of photocatalytic reactions given that it also leads to 
semiconductor- to-metal translons often ascribed by consequent appearance of dis-
ordered yet highly stabilized metallic 1T phase which has evident absence of band 
gap and thus is absolutely transparent to light.

10.8.3  Non-metal Doping

As S atoms in MoS2 and WS2 are generally exposed to the outer space, non-metal 
doping provides much flexibility in its successful realization as it can be proceeded 
via not only synthesis but also post-synthesis approaches such as exposure to plasma 
and thermal treatment in desired atmosphere. The resulted composition usually 
shows enhanced electrical characteristics in terms of their concentration and mobil-
ity [47], thus potentially enabling to cause the reduced recombination rate of charge 
carriers. Furthermore, similar to mentioned above metal doping, the type of conduc-
tivity can also be easily adjusted. As for the optical characteristics of modified MoS2 
and WS2, the presence of non-metal elements has very controversial influence on its 
change due to existence of positive and negative impacts. On one hand, incorpo-
rated foreign atoms increase the capability of these materials to capture higher num-
ber of photons and also enable to slightly shift the absorption edge toward longer 
wavelength [51] (Fig. 10.7a, b). On the other hand, under incorrect concentration or 
improper management over undesirable accumulations, their presence can poten-
tially lead to very crucial narrowing of band gap width due to appearance of addi-
tional energy levels within it which are defined by shifting down and up the positions 
of conduction and valance band, respectively, with regard to vacuum level [52]. 
Thus, in perspective, they could no longer match the redox potentials of oxidation 
and reduction reactions as well as fail to satisfy the minimum value of energy 
required to proceed water splitting or CO2 reduction. Non-metal doping also influ-
ences structural properties of MoS2 and WS2 resulting in their advancement due to 
development of more obvious and visible morphological features associated with 
appearance of exposed edges, increased mesoporosity, etc. For example, it was 
reported that specific surface area of the MoS2 nanosheets before and after filling 
with N atoms was estimated to be 71.7 m2 g−1 and 22.9 m2 g−1 with pore volumes of 
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0.225 and 0.101 cm3 g−1, respectively [53]. Yet, the best outcome depends on reach-
ing the optimal concentration of introduced atoms.

10.8.4  Photocatalytic Application of Doped MoS2 and WS2

Doping of MoS2 and WS2 with certain and very specific metal and non-metal ele-
ments using proper management and control can provide great enhancement of their 
optical, electrical, and structural characteristics that is proceeded via increased 
absorption capability, enhanced stabilization of internal composition, and more 
advanced electrical and electronic characteristics. Given small band of these materi-
als which allow to consume photons with energies of visible lights, it greatly con-
tributes toward attractiveness of their applicability in various photocatalytic 
reactions and allows to reach high level of performance. For example, Liu et al. [51] 

Fig. 10.7 (a) UV-vis DRS and (b) estimated band-gap energy of N-doped MoS2 nanoflowers and 
MoS2 nanosheets. (c) Photocatalytic degradation of RhB by different photocatalysts under visible 
light irradiation. (d) Plot of ln(C0/C) with irradiation time for N-doped MoS2 nanoflowers and 
MoS2 nanosheets. (Adapted from Ref. [51]. Copyright 2016, IOP Publishing. Available under 
Creative Commons Attribution 3.0 License, https://creativecommons.org/licenses/by/3.0/)
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reported that N-doped MoS2 nanoflower could completely degrade 50  ml of 
30 mg l−1 RhB in 70 min with excellent recycling and structural stability. Thus, it 
showed a reaction rate constant (k) as high as 0.06928 min−1 which was 26.4 and ~7 
times higher than that of bare MoS2 nanosheets (k = 0.00262 min−1) and commercial 
TiO2 (k = 0.01 min−1) (Fig. 10.7c, d), respectively. In turn, Li et al. [54] investigated 
how the substitution of Mo with Ag in MoS2 influences its efficiency during water 
splitting process using irradiation with visible light. It was revealed that pristine 
phase MoS2 exhibited relatively weak photocatalytic activity, and the hydrogen pro-
duction rate was 1708 μmol h−1 g−1, while Ag-doped MoS2 nanosheets under similar 
conditions demonstrated the efficiency of 2695 μmol h−1 g−1. In addition, it also 
showed excellent stability during cycling testing. Similar trend with only certain 
limitation as well might be applied to modified WS2. Yet, additional studies are 
required to confirm it.

10.9  Final Remarks on Extrinsic Deficiency

Application of extrinsic deficiency in terms of doping with metal and non-mental 
elements or compounds is considered to be a highly attractive and perspective 
approach to improve the most important characteristics of target materials in order 
to advance its efficiency and stability toward activation, optimization, and success-
ful processing of specific photocatalytic and photoelectrochemical reactions such as 
dye degradation, water splitting, CO2 conversion, etc. This strategy has several 
important advantages which define its wide utilization and applicability such as 
dramatic influence on geometrical and electronic configurations of target material 
that allows to reach precise and accurate tuning of the required and concrete fea-
tures. To achieve it, wide spectrum of various parameters associated with introduced 
atoms can be adjusted and modified, including its nature, concentration, distribu-
tion, the choice of methods that can be adapted to proceed them, possible co-doping 
effect, and formation of complexes or chemically connected chains through com-
bining with already existed intrinsic defects such as vacancies and interstitials.

However, to fully realize this strategy, it is extremely important to address the 
main disadvantages which influence very negatively on its continuous development 
and consequent employment with regard to photocatalytic application. For exam-
ple, the main problem of metal doping is that each utilized element has very 
restricted solubility in target material beyond which their presence would often 
become destructive due to appearance of undesirable and unexpected phases. 
Definitely, this effect is less dramatic in case of using non-metal atoms. Yet, it is 
often the case that they suffer from low stability and thus could be easily evacuated 
leaving behind empty sites. Another disadvantage of doping is that the consumption 
of additional chemicals is always required. Thus, adoption for industrial usage 
might need additional efforts and spending. Finally, given the number of reports 
available in literature regarding it, one can come to conclusion about existence of 
huge contradictions toward acquiring knowledge regarding concrete and defined 
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influence of certain elements or their concentrations on improving characteristics of 
target materials. Partially, it could be explained by particularities and specifications 
of each investigated system especially in terms of conditions at which it was created 
and consequently analyzed. Yet, it is obvious that higher consistency is required to 
investigate doping strategy as currently it is not clear in which direction the future 
progress should be proceeded. Thus, to reach maximum profits from application of 
extrinsic deficiency within the shortest period of time, deeper understanding and 
more extensive investigations are in need.
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Chapter 11
Comparison of Intrinsic and Extrinsic 
Deficiencies

11.1  Introduction

Semiconductor materials that currently are used for photocatalytic and photoelec-
trochemical processing cannot be considered as the most optical choice since each 
of them has numerous drawbacks and disadvantages associated with non-ideality of 
their certain features and characteristics such as inability to absorb visible light and 
consequently low sensitivity toward capturing photons with accessible energies, 
unfavorable alignment of band gap, high recombination rate and inefficient trans-
portation characteristics of charge carriers, low thermal and chemical stabilities, 
unfavorable specifications of electronic or geometrical configurations, etc. that pre-
vent them from showing best outcome. As a result, their applicability in most cases 
is highly limited by acquiring only low productivity or stability and thus cannot be 
adapted for industrial needs. In this regard, it was suggested that introduction of 
intrinsic or extrinsic defects that is usually proceeded though their existence as sep-
arate and individual compounds or by developing various assemblance with each 
other via elaborating chemically connected complexes and formations can be used 
to advance these materials in order to make them approach the desired level of 
expectation toward demonstrating required efficiencies during prolong exploitation. 
At a first glance, the functionality and reliability of these two strategies basically 
have a lot of similarity to achieving this goal. For example, wide band gap TiO2 
filled with oxygen vacancies or combined with nitrogen dopants enable to extend its 
absorption edge to longer wavelength thus allowing to create more photo-induced 
electrons and holes. In turn, their presence also can be used to advance the electrical 
conductivity. Thus, it is expected that enhancement level of photocatalytic perfor-
mances under irradiation with sunlight could be achieved. In another glance, how-
ever, this outcome is considered as been only the tip of iceberg since practical usage 
of both strategies have certain difficulties and complications toward their successful 
and profitable realization given the presence of associated individual negative and 
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positive impacts that have connections with specific particularities of their imple-
mentation. It not only on influences greatly the progress and grade of the overall 
improvements that is referred to the extension of distinct property but also deter-
mines the suitability of each strategy to be readily adapted and used appropriately in 
concrete situation and within certain limit of resources as to achieve the best 
outcome.

Returning back to mentioned TiO2, introduction of nitrogen dopants usually 
allows to decrease the band gap only slightly from 3.2 to ~2.5 eV [1], while devel-
opment of oxygen non-stoichiometry could lead to its more dramatic narrowing that 
reaches down to ~1.3 eV [2] or even lower as it depends on several factors. The 
main reason of this contrast is laid in the sharp difference between natures of both 
intrinsic and extrinsic deficiencies. The former one is created as a result of deviation 
and transformation of thermodynamically balanced and relatively perfect crystal 
structure due to certain input of external energy into system, while generation of the 
latter one is fully referred to the introduction of foreign atoms into host material and 
their consequent localization within regular periodic arrangement of its lattice at 
substitutional or interstitial positions. Thus, it is evident that both types of defects 
cannot be considered as equal and fully identical in terms of their formation pro-
ceeding and consequent impact on target material. Accordingly, this chapter is 
going to define their differences and similarity as to understand what realistic 
advantages each strategy can provide with respect to each other.

11.2  Comparison in Terms of Synthesis Approaches and 
Post-synthesis Treatment

Introduction of intrinsic and extrinsic deficiencies and consequent manipulation 
over their various characteristics generally follow very similar experimental proce-
dure as it can be realized via analogous synthesis or post-synthesis protocols. 
However, defined choice over concrete method and its associated parameters are 
dependent on certain factors and requirements toward finalizing the obtained com-
position or structure such as desired level of created non-ideality, whether the intro-
duced changes are limited only by surface layer or extended deeply in bulk, lifetimes 
of defects and possible interaction between them, etc. Thus, in order to provide 
more precise tuning and accuracy, it is important to determine at which conditions 
the formation of each type of defects can be proceeded individually with minimum 
interferences and influences toward and from each other. In this regard, the discus-
sion below is organized in such a way that several most utilized and applicable 
approaches are examined independently as to determine their specific particulari-
ties, eligibility, and adaptability for reaching the desired goal. It is necessary to 
notice that for simplicity, accessibility of intrinsic defects is limited by reviewing 
only vacancies.
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11.2.1  Synthesis Approaches

 (a) Chemical methods. Employment of chemical methods that include sol-gel, 
hydrothermal/solvothermal procedures, spray pyrolysis, etc. can be used to 
obtain both types of deficiencies with very accurate specifications of their con-
sequent existences. To be more precise, doping is realized via inclusion of addi-
tional highly specific chemical or compound into reactive solution following 
the adjustment of its desirable concentration or weight/atomic percent as to 
make the residual of proceeded chemical interaction become localized in crys-
tal lattice of target material within defined configuration, positioning, and ratio. 
In turn, to form vacancies, the presence of external elements during synthesis 
usually assists in incomplete filling of atomic positions within periodical 
arrangements that lead to breakage of localized thermodynamic equilibrium 
and further developing of defined perturbations within crystal lattice. Depending 
on the type of used chemicals, it is possible to make metal or non-metal doping 
as well as to create anion- or cation-like vacancies. For example, it was reported 
that fabrication of TiO2 filled with fluorine or iron atoms via spray pyrolysis 
could be easily achieved by using H2TiF6 [3] and Zr(C5H7O2)4 [4], respectively, 
as supplements. It is followed by treatment at required temperature and atmo-
sphere in order to initiate thermal decomposition. In turn, the presence [5] or 
absence [6] of propanetriol during solvothermal synthesis of ZnO along with 
adaptation of other parameters defines the dominated formation of zinc or oxy-
gen vacancies, respectively.

 (b) Vapor phase methods. Vapor phase methods are very useful to prepare various 
nanoscale-based structures and compositions given that they have several 
important advantages such as high accuracy in achieving the desirable geome-
try, great comfortability over utilized substrate, control of thickness, great 
adaptability, etc. Contrary to the above-mentioned chemical synthesis, this 
approach can be applied to form both intrinsic and extrinsic defects not only 
with various natures and concentrations but also precise localization in terms of 
their controlled accumulation whether in surface or bulk layers. It is proceeded 
usually via adjusting the parameters of utilized precursors, type of substrate, 
and tuning of other related parameters or through introduction of additional 
compounds into reaction chamber and consequent management over their inter-
action with atoms of target materials, respectively. Furthermore, the conditions 
which accompany the realization of vapor phase-supported fabrication such as 
presence of plasma source or temperature and pressure during deposition as 
well as expected characteristics of obtained product in terms of its dimension, 
roughness, or crystalline compositions also play a crucial role in determining 
the availability and distribution of generated defects. For example, atomic layer 
deposition (ALD) is highly applicable to create anion vacancies as it uses 
oxygen- poor environment inside the reaction chamber. Thus, it was demon-
strated that playing with the number of cycles, i.e., the thicker or thinner is the 
produced film, the stoichiometry of wide band gap semiconductors such as ZnO 

11.2 Comparison in Terms of Synthesis Approaches and Post-synthesis Treatment



352

could be adjusted [7] (Fig. 11.1). In turn, ALD also can be used to proceed dop-
ing with both metal and non-metal elements. As an illustration, introduction of 
Al-based precursor during fabrication of ZnO can lead to formation of AlxZnO1-

xO composition [8].
 (c) Mechanical methods. High-energy ball milling (BM) is determined to be an 

effective, simple, and highly accessible technique that can be applied to suc-
cessfully realize the fabrication of nanoparticle-based powders with desired 
stoichiometries or filled with atoms of defined element. During this process, the 
friction and collision generated by interaction with balls usually lead to appear-
ance of relatively high temperatures over 1000 °C within localized area of only 
1 μm2 for the duration of ~10−3 to 10−4 s [9]. Implementation of these conditions 
disturbs the periodic arrangement of atoms in crystal lattice and often leads to 
their release and consequent appearance of vacancies. In turn, when two materi-
als are introduced, BM processing causes the development of interdiffusion 
between them thus leading to formation of combined composition. It happened, 
for instance, in study of Reddy et al. [10], where ZnO nanoparticles doped with 
Fe atoms were realized by mixing this material with Fe3O4 and consequent mill-
ing up to 40 h. It is important to notice that this method is only applied to ele-
ments and compound that are available in solid form which means that gaseous 
N, O, Ar, F, B, S, and C cannot be used. Finally, adjusting the parameters of this 
processing, such as weight concentration of utilized precursors, duration, tem-
perature of surrounding, and the level of both intrinsic and extrinsic deficien-
cies, can be controlled.

Fig. 11.1 (a) ZnO film thickness and growth per cycle as a function of the atomic layer deposition 
(ALD) cycles. Due to small range of standard deviations in growth rates for ZnO-800, ZnO-1200, 
and ZnO-1600 samples, the inset was used to visualize them. (b) Photoluminescence spectra of 
ZnO thin films fabricated via different atomic layer deposition (ALD) cycles. The inset shows cor-
responding ratios between the intensities of emissions assigned to oxygen vacancies (IVO) and 
ultraviolet near band edge (IUV). (Adapted from Ref. [7] with permission from Elsevier. 
Copyright 2020)
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11.2.2  Post-synthesis Treatment

 (a) Thermal treatment in specific atmosphere. This method can produce both intrin-
sic and extrinsic defects in already synthesized materials and compounds 
regardless their geometry or morphological features. It is usually realized via 
placing them into furnace or other related setup and consequent heating up 
under the required gaseous ambient. To determine the level of introduced 
changes, its flow rate and level of purity as well as the conditions of surrounding 
environment including the temperature and pressure and also the time of treat-
ment could be adjusted. Considering intrinsic defects, it is possible to induce 
the formation of anion or cation vacancies without much restriction and also 
reach precise control over their concentration and distribution. In turn, the intro-
duction of extrinsic deficiency cannot be proceeded so easily due to certain 
limitations. Firstly, this method is mostly utilized to obtain non-metal doping 
given that flowing gas ambient serves as the only source of foreign atoms that 
could be introduced into target material. In this regard, one might confuse how 
to determine at which conditions, for example, nitrogen can induce the appear-
ance of oxygen vacancies in TiO2 or ZnO or resign within them as a part of 
modified crystal lattice. In fact, there is no concrete answer for this question as 
this differentiation depends on various factors and parameters of experimental 
process and specification of utilized materials that is proceeded for this treat-
ment and thus is highly individual for each investigated system. It is only said 
that formation of vacancies often is processed at conditions which are less harsh 
than that used to achieve doping. Secondly, if the filling of target material with 
metal atoms is proceeded in advance, the application of thermal treatment can 
be considered as activation step to initiate their internal diffusion in order to fill 
more favorable position in crystal lattice and minimize overall internal energy. 
It is necessary to notice that metal doping still can be proceeded via this experi-
mental setup, but in this case, additional compound, usually in solid form, 
should be placed into reaction chamber as to serve the source of it. In this case, 
flowing atmosphere take the role of transportation tool that enable the transfer 
of those compound toward target materials. Then, the interaction between them 
become activated by the type of surrounding environment and its temperature.

 (b) Plasma treatment. Similar to the above-mentioned thermal treatment, the expo-
sure of target material to certain plasma source enables to induce the formation 
of intrinsic defect in the form of anion and cation vacancies as well as to develop 
the realization of doping which is usually proceeded in the form of introduced 
non-metal atoms. Adjusting the parameters of this processing can be used to 
tune their various characteristics including concentration, level of distribution, 
and even the type with very precise accuracy and clarity. For example, applica-
tion of hydrogen plasma enables to create dominant presence of oxygen [11] or 
zinc vacancies [12] in ZnO depending on the utilized conditions. Given their 
donor and acceptor-like characteristics, it might lead to the strengthening of 
natural n-type conductivity or initiating n →  p transition, respectively. One 
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should notice that the main advantage of utilizing plasma treatment that deter-
mines its explicit application is that it is considered to be a surface-modified 
approach. Definitely, changes in structure and composition can be introduced 
deeper into bulk due to longer time of exposure or increasing the power of 
plasma source, but in this case, the appearance of etching effect which can 
reduce the dimension of materials and also decrease the influence of introduced 
defects can become a very undesirable reality. Another important particularity 
of this processing is that it mostly leads to non-metal doping.

11.3  Comparison in Terms of Effect and Influence 
on Materials Properties

It is very obvious that the presence of both intrinsic and extrinsic defects can induce 
not only positive but also negative influence on various features of material, thus 
enabling them to become improved or degraded, respectively, as it is depending on 
the conditions of their introduction, characteristics of consequent existence, and 
possible involvements in the interaction with each other. Thus, it is necessary to 
compare them with regard to this outcome in order to determine which strategy has 
higher applicability and better potentials in terms of its future employment. For the 
purpose of making this discussion become more ordered and to follow certain 
sequence for easy access, only structural, optical, electronic, and electrical proper-
ties are considered given their significant influence on the consequent applicability 
of material in photocatalytic processing.

11.3.1  Structural Properties

The presence of defects, whether in the form of vacancies or doped element enable 
to increase or decrease the lattice parameters as well as to modify surface morphol-
ogy and critically affect the size of crystallites along with extension or reduction of 
specific area. Yet, once these impacts are compared, it become obvious that intro-
duction of vacancies leads to more obvious changes in geometrical configuration 
and structural adjustment given that releasing of atoms and leaving behind an unoc-
cupied site is supposed to result in highly crucial breakage of thermodynamic equi-
librium as its near-neighbors should adjust their positions within wide range of 
inward or outward movement in order to reduce the impact of this lost. For example, 
the presence of oxygen and zinc vacancies in ZnO leads to appearance of relaxation 
that can reach up to 23% and 14%, respectively [13], respectively. In turn, once the 
dopant is incorporated into material and fills substitutional positioning, its presence 
would partially reduce changes in internal energy and increase the level of its 
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minimization as adaptation of surrounding crystal lattice only proceeds to compen-
sate differences in sizes between it and evacuated atom. As an illustration, Duan 
et  al. [14] discovered that introduction of N into ZnO and its residing at O site 
resulted in relaxation of near Zn atoms for only 2.3–2.8%. Furthermore, the appear-
ance of these values has high dependency on the availability of dopants as its con-
centration should reach certain critical ratio in order to make any detectable impacts 
on parameters of crystal lattice. As for interstitial defect, the size of atoms that 
reside there is very small, and thus their correlation with modification and evolution 
of surface morphology is less pronounced and evident.

11.3.2  Optical Properties

The presence of intrinsic and extrinsic defects often results in greatly improved 
optical response of target materials. It is usually proceeded via narrowing the width 
of band gap due to appearance of additional energy levels which can induce shift of 
valence or conduction bands. Following it, increased sensitivity toward irradiation 
with visible and even near-infrared lights is achieved. Accordingly, the color of 
surface often becomes darker. Yet, as both strategies have their own particularities 
and specifications, it influences greatly on the origin of introduced adjustments in 
geometrical and electronic configurations. Thus, it is obvious that changes in optical 
response might have different origin and, consequently, non-similar enhancement. 
In this regard, comparative analysis is required in order to achieve certain under-
standing which type of defect has more chances to provide desirable outcome in 
terms of expected advancement. To increase accessibility of this discussion and to 
make it more relevant, wide band gap oxide semiconductors such as ZnO, TiO2, and 
Ta2O5 are taken as a model system. Overall, several important particularities can be 
identified. Firstly, it might be said that existence of anion vacancies usually results 
in the highest enhancement of optical response that is associated with very crucial 
shift of absorption edge and increased capability to acquire more photons. As an 
illustration, the development of oxygen deficiency in TiO2 makes it sensitive to the 
light with wavelength up to ~1000 nm [2]. For its part, doping with certain non- 
metal elements such as nitrogen or carbon often causes relatively similar outcome; 
yet to achieve it, implementation of very accurately tuned concentration and distri-
bution should be adapted. Secondly, introduction of metal compounds often leads to 
less obvious changes in the width of band gap and absorption characteristics and 
thus might be considered with certain reservations as less effective strategy for 
improving the optical response. For instance, Feng et  al. [15] demonstrated that 
TiO2 combined with Ag, Cu, Ce, and Fe enables to show only small improvement in 
absorption region between 400 and 580 nm which means that significant part of vis-
ible light still could not be utilized.
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11.3.3  Electronic Properties

Both intrinsic and extrinsic defects can create additional energy levels within the 
band gap that can exist as separate discrete states or contribute to the elevating or 
lowering the maximum and minimum of valence and conduction bands, respec-
tively, thus greatly assist in progressing transportation characteristics of charge car-
riers, and also support the enhancement of their concentrations and mobility. The 
main difference between these two strategies is that the latter one can demonstrate 
higher flexibility in generation of these levels as it can be used to realize precise 
adjustment of their localization toward reaching the required features simply via 
choosing correct element to be doped or controlling geometrical configuration of its 
atoms in crystal lattice of host material. Thus, it is possible to achieve the desirable 
level of contribution toward strengthening donor or acceptor-like behavior via com-
pensating mechanism or directly by supplying corresponding charge carriers. 
Definitely, solubility and other related parameters should be considered in this case 
as to achieve the best outcome. For instance, introduction of non-metal elements 
such as nitrogen or carbon in wide band gap materials, particularly, ZnO or TiO2, 
can be proceeded through their residing on substitutional or interstitial sites as it can 
be controlled by experimental conditions. This positioning influences critically how 
far corresponding energy levels are generated from valence band and also which 
type of defect complex contributes to its appearance. In turn, the presence of anion 
and cation vacancies usually is associated with their availability within only several 
defined charge states, some of which are regarded as unstable and thus cannot exist 
for a long time. It leads to certain restrictions in modifying the electronic configura-
tions of target materials as it only can be proceeding within very limited and 
expected range of changes. In turn, such a predictability greatly assists in accessing 
them via theoretical simulations and thus implementing very precise tuning.

11.3.4  Electrical Properties

It is out of question that introduction of intrinsic and extrinsic deficiencies under 
proper conditions can be used to greatly improve electrical properties of target 
material via strengthening of its original conductivity. It is usually caused by sup-
plying more charge carriers or rising their mobility. Comparing both strategies, it 
might become obvious that the latter one provides higher flexibility in reaching the 
desirable range of enhancements as various compounds and elements or their com-
binations along with different concentrations and distribution can be used to pro-
ceed the required changes. Furthermore, it is also possible to play with parameters 
of their introduction along with adjusting the diffusion and consequent localizations 
within crystal lattice. Combining together, it allows to reach clear understanding 
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toward suitability of each dopant for achieving the designated goal with regard to 
particularities and specification of target material. For example, Sahasrabudhe et al. 
[16] investigated filling of TiO2 with Nb and discovered that once its mole ratio 
becomes 3%, the conductivity was enhanced for ~1,000,000 times, i.e., from 10−7 to 
40 ohm−1 cm−1. It is interesting that higher concentration of Nb resulted in reduced 
capability of electrons to reach the conduction band. Thus, it is evident that there is 
always an optimal ratio of dopants which deviation below or above it would only 
lead to declining the positive effect of its presence. In turn, utilization of intrinsic 
defects as a source of improved electrical properties results in lower range of 
achieved changes due to certain limitation in adjusting their features and parame-
ters. Simply to say, anion and cation vacancies often have strictly defined donor- 
and acceptor-like characteristics, respectively, and thus only individual existence of 
each of them can be considered as favorable for concrete material following its type 
of conductivity. Similar to doping, in order to demonstrate the best outcome, its 
concentration should achieve very defined saturation point, and its overpassing 
would result in critical self-annihilation of charge carriers due to their excess. Thus, 
comparing both of these strategies, it should be mentioned that by convenience, 
availability, and practicability and also considering the correlation with other prop-
erties, intrinsic deficiency is more preferential choice for improving the electrical 
characteristics. Yet, in absolute and relative values, the best enhancement still can be 
achieved via properly developed correctly implemented doping process.

11.4  Comparison in Terms of Photocatalytic Efficiency

In recent years, the employment of intrinsic and extrinsic defects that are usually 
proceeded via introduction of specific type of vacancies or realization of doping 
with certain elements and compounds, respectively, has attracted numerous atten-
tions as an effective tool to strengthening and extending important properties and 
features of target material as both of them lead to changes in its chemical composi-
tion and structure. Thus, increased absorption of visible and infrared lights, nar-
rowed width of band gap, reduced recombination rate of electron-holes pairs, more 
advanced transportation characteristics of charge carriers, higher surface area, etc. 
could be achieved. It correlates well with great enhancement in efficiency and sta-
bility of various photocatalytic and photoelectrochemical reactions resulting in their 
successful and prolong realization. However, while comparing these strategies, it 
might become evident that their usage cannot lead to equal outcome in terms of 
demonstrated performance, and thus certain specification should be clarified as to 
achieve some understanding how the extension of each concrete processing can be 
affected by their application.
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11.4.1  Photocatalytic and Photoelectrochemical 
Water Splitting

To realize the best possible efficiency of hydrogen production via photocatalytic 
reaction, it is considered that employment of doping strategy can provide more 
attractive consequence compared with that of utilizing intrinsic defects as it enables 
to play with nature of introduced elements or their concentrations and distribution 
in target materials thus allowing to reach the most optimal adjustment of its geo-
metrical and electronic structures. As a result, great extension of properties and 
characteristics can be reached. For example, currently, one of the highest achieved 
hydrogen production rates was demonstrated by Cd0.25Zn0.75Se hollow nanotubes 
[17] (Fig.  11.2a). Under simulated sunlight irradiation and using 5.0% CoP as 
cocatalyst, its value reached 36,600 μmol h−1 g−1 in artificial seawater filled with 
properly adjusted concentrations of Na2S and Na2SO3 that served as sacrificial 
agents (Fig.  11.2b). In turn, changing the reactive solution into aqueous media 
resulted in further enhancement of production rate up to 45,000  μmol  h−1  g−1 
(Fig. 11.2c). Several more remarkable results were also achieved with assistance of 

Fig. 11.2 (a) SEM image of Cd0.25Zn0.75Se hollow tubes. (b) Photocatalytic H2 evolution over 
Cd0.25Zn0.75Se/CoP under simulated solar light irradiation in artificial sea water. Other materials are 
taken for comparison. P25 represents commercial TiO2 that consisted of mixed rutile and anatase 
phases. (c) H2 production comparison by using different co-catalysts under simulated solar light 
irradiation in aqueous solution. (Adapted from Ref. [17] with permission from The Royal Chemical 
Society. Copyright 2017)
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doping [18]. Yet, it has to be noticed that such an impressive outcome often is 
accompanied by application of complex setup and formation of multilayer struc-
tures. In general, introduction of foreign atoms into target materials such as filling 
of TiO2 and ZnO with nitrogen or other non-metal elements leads to performance 
that is relatively similar to that achieved through modifying them via changing orig-
inal stoichiometry or playing with chemical compositions. Yet, utilization of intrin-
sic deficiencies can be proceeded with higher accessibility toward more practical 
realization of this process as there is no necessity to use external compound if only 
to assist in release of atoms from crystal lattice. Thus, it has more chances to become 
adapted and implemented for everyday use. Furthermore, recent studies revealed 
that this processing also enables to create greatly productive compound that can 
deliver hydrogen at rate which is only slightly lower than that mentioned above 
[19]. Given that the topic of intrinsic deficiency has been studied very deeply for 
only last decade, one should consider that it is already a very impressive achieve-
ment. In this regard, there is a strong belief that its further development might have 
a great impact on the future extension of photocatalytic water splitting process.

11.4.2  Light-Induced Water Purification

Light-induced purification of water usually is achieved via removing of dyes by 
means of their degradation into certain non-hazardous compounds and elements via 
application of proper photocatalyst. With regard to intrinsic and extrinsic deficien-
cies, their introduction into target materials generally causes very dramatic increase 
in efficiency and stability of this processing regardless of the type of utilized dye, 
wavelength of irradiated light, or other related parameters and conditions. The fol-
lowing particularities define application of both strategies. Firstly, as the mecha-
nisms of their enhancement follow relatively similar pathway, it is often very hard 
to define which one of them has higher preferentiality toward achieving the best 
outcome. For example, it was proposed that oxygen vacancies in ZnO can favor the 
adsorption of O2 [20]. Its interaction with the photo-induced electrons results in the 
production of superoxide radical anions O2

● that are chemically active species and 
promote the oxidation of nearby organic substances. In turn, doping of this semi-
conductor with metals such as Co [21] or Fe [22] can also increase the availability 
of O2 and greatly assist in its transformation into O2

●. Secondly, there is no solid 
standard to identify how high is the degradation rate in absolute values, and also 
modified compounds are often tested under absolutely different conditions which 
makes the comparison between studies hardly achievable. As an illustration, authors 
of Ref. [20] investigated photocatalytic activity of ZnO via decomposition of H2O2 
under visible light, while in Ref. [22], it was achieved by degradation of methylene 
blue under Xe lamp. Thus, it would be more correct to say that particularities of 
each investigated system and the purpose of its use determine which strategy has 
higher contribution to the enhancement of overall outcome.

11.4 Comparison in Terms of Photocatalytic Efficiency
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11.4.3  Photoconversion of CO2

Both intrinsic and extrinsic defects can bring very positive influence on the photo-
conversion efficiency of CO2 not only extending the yield rate of secondary carbon 
products but also providing higher selectivity toward obtaining them. As the appli-
cability of both strategies to successfully realize this processing has certain differ-
ences, it is necessary to define in which case each of them has clear preferentiality 
to be used. Thus, the following particularities are defined. For simplicity, only oxide 
semiconductor materials are taken for examination. Firstly, it is a well-recognized 
fact that the presence of oxygen vacancies or doped elements within the surface 
layer increases the adsorption characteristics of target materials resulting in 
improved binding energy of arrived CO2 molecules and also leading to lowering the 
barriers for the subsequent reduction reactions. Considering functionality, conve-
nience to use, and also the expected outcome, it might be said that utilizing the 
former type of defect seems a more attractive option given that their uniform distri-
bution can be achieved much easier in comparison to introduced foreign atoms 
especially the ones which represents metal compounds. In addition, less efforts are 
required to avoid their accumulation in bulk, and it allows to eliminate several very 
harmful effects associated with this localization. Secondly, as the material doped 
with suitable element within very specific concentration enables to reach the most 
optimal level of enhancement with regard to selected properties and features, it 
often results in higher efficiency of CO2 photoconversion taken in absolute values in 
contrast to that achieved via formation of oxygen vacancies [23]. It is a very expected 
outcome given that this strategy provides higher flexibility in tuning and adjusting 
the features of material. Thirdly, it is well known that selectivity of this processing 
is dependent on the density of available electrons. In this regard, it is suggested that 
the presence of intrinsic deficiencies enables to assist in acquiring more impressive 
results to produce only defined carbon by-product compared with that of doping. It 
is justified by the fact that in average, excluding the most advance and outstanding 
results, the former strategy can often lead to higher presence of defined charge car-
riers or their higher accessibility. It is especially a very attractive perspective given 
the simplicity and relative easiness associated with achieving required changes in 
chemical composition or stoichiometry. For instance, Yang et al. [24] reported that 
Bi2MoO6 filled with oxygen vacancies enables to deliver CH4 with selectivity up to 
96.7% using irradiation with visible light which was much higher than that of its 
stoichiometric counterpart (Fig. 11.3a). Recycling test demonstrated that this mate-
rial also exhibited good stability (Fig. 11.3b). In turn, filling with foreign atoms also 
can lead to appearance of certain selectivity, which, however, often is limited by 
detecting two or more carbon by-products. Particularly, Liu et al. [25] showed that 
utilization of Ni-doped ZnCo2O4 to photoreduce CO2 resulted in simultaneous gen-
eration of CO and CH4. Yet, it is a very subjective and preliminary conclusion, and 
more efforts are required to clarify and confirm it. Finally, it should be noticed that 
higher performance toward CO2 photoreduction might be realized by concurrent 
existence of both, intrinsic and extrinsic, deficiencies as their successful synergy 
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under proper conditions can be used to enhance the most crucial advantages associ-
ated with each of them with regard to increased production rate and selectivity [26]. 
It is especially an attractive strategy given that introduction of foreign atoms into 
certain semiconductors often enables to cause the accompanied formation of intrin-
sic defects such as, for example, Ti3+ or oxygen vacancies in TiO2. Thus, it is pos-
sible to feed two birds with one scone, i.e., create desirable compound within only 
single experimental step.
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