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8.1  �Introduction
Nanoparticulate TiO2 is the prototypical materials system for research 
on disperse systems for solar energy conversion and photocatalysis. It is 
therefore surprising how many open issues and controversial points have 
remained in trying to reach reliable predictions for newly designed TiO2 
based materials and their functional properties. Our still limited knowledge 
of nanoscale effects and the chemistry and photochemistry thereof compli-
cate the systematic improvement of TiO2 particle based materials.1,2 At the 
same time, it still encourages more research on TiO2 based model systems. 
However, the impact of factors underpinning the photocatalytic activity of a 
given semiconductor material is complex and convoluted. One current idea 
in the scientific literature is that there are too many intermingled factors that 
are associated with the photophysics, surface chemistry, as well as with the 
defect properties, to arrive at a scientifically sound concept for the rational 
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Chapter 8186

design and optimization of photocatalyst materials.3–7 It seems that this idea 
increasingly gains ground. Thus, the question – being relevant to the entire 
field of catalysis research – is whether conclusions from photoexcitation 
studies, which have been carried out on model materials of reduced compo-
sitional and structural complexity, can ever be general enough to be linked to 
working catalysts in a relevant way (Figure 8.1).

Figure 8.1  ��Simplified scheme illustrating the decrease of materials complexity 
associated with the transformation of a composite particle based pho-
tocatalyst (a) with (i) functional components such as co-catalysts and 
(ii) surrounded by electron and hole scavengers that are adsorbed at the 
particle surface or dissolved in the surrounding liquid (D and A+) into a 
bare and uncapped TiO2 particle the surrounding continuous phase of 
which was ultimately replaced by a gas or vacuum phase (b). Even after 
materials processing in vacuum performed to eliminate surface layers of 
adsorbates, a TiO2 particle of type (b) still hosts defects with functional 
as well as unwanted properties such as ion vacancies, interstitials and 
adsorbates that all may act as charge trapping sites. The question arises 
whether insights from model studies performed on TiO2 particle sys-
tems with relatively defined surface and interface properties (b) will ever 
connect to performance data obtained on a working photocatalyst (a).
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187Traps and Interfaces in Photocatalysis: Model Studies on TiO2 Particle Systems

TiO2 based particles that show activity for photocatalytic water splitting 
are typically described as functional composites which involve (i) a photon 
absorber (e.g. the semiconductor), (ii) a reduction co-catalyst (e.g. for hydro-
gen evolution) and (iii) an oxidation co-catalyst (e.g. for oxidation evolution 
from water) (Figure 8.1(a)).

For photocatalytic water splitting the separation and transfer of photo-
generated charge carriers, the suppression of charge carrier recombination 
and finally the enhancement of photocatalytic activity are promoted by TiO2 
functionalization with co-catalysts. The electrochemical description of semi-
conductor particles as short-circuited microelectro-chemical cells implies 
that there are always two conjugate half-reactions that have to be taken into 
account.2,4 These half-reactions relate to the fate of photogenerated elec-
trons and holes and determine the mixed photopotential. In the absence of 
both co-catalysts and reactants the nature and composition of the interface  
(Figure 8.1, solid–gas versus solid–liquid) determine the nature of the charge 
trapping sites available and, thus, associated particle charging effects.

Researchers from the surface science community performing experiments 
on solid surfaces that are well-defined in terms of composition and surface 
structure typically put forward the idea that the development of effective 
strategies for efficient photochemical processes requires an understanding 
of the elementary steps that lead to the overall reaction.8–11 Related efforts 
would involve the characterization of surface as well as adsorbate structures, 
the identification of photo-active intermediates on the surface and a descrip-
tion of surface defects that undergo in the course of a photoinduced surface 
process changes in electronic structure.

To approach this explicit model situation with particle based materials 
one would need to identify disperse model systems that are well-defined 
with regard to chemical composition and structure. In addition, these parti-
cle systems should exhibit narrow size distributions and sufficient thermal 
stability to survive surface purification treatment via thermal activation in 
selected gas atmospheres without particle coarsening and coalescence.12

This chapter is organized as follows: in the first part we will outline selected 
efforts to characterize on TiO2 nanoparticles with bare and essentially dehy-
droxylated particle surfaces characteristic spectroscopic features and finger-
prints that are related to trapped charge carriers. This part will also include 
insights and understanding from recent ab initio calculations. Then, in the 
second part, we will describe the evolution and build-up of spectroscopically 
accessible charging states that can be tracked by methods such as electron 
paramagnetic resonance (EPR), FT-IR and photoluminescence (PL) spectros-
copy under continuous UV exposure. Underlying processes typically saturate 
at a certain level that corresponds to a specific concentration of separated 
electron and hole centers.13,14

Upon immersion of dry particle systems into liquid dispersing agents and 
their transformations into colloidal systems solid–gas interfaces become 
replaced by a solid–liquid interface and the materials situation gains sub-
stantially in complexity. However, photo-electrochemistry can come into play 
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and – in addition to its potential to quantify transferred charges – it can shed 
light on an additional charge redistribution process, i.e. on the redistribu-
tion of protons inside an immobilized ensemble of TiO2 nanoparticles (see 
below). Finally, we will address an important but largely overlooked issue 
that is inherent to particle systems dispersed in liquid as well as gaseous con-
tinuous phases. Aggregation and disaggregation and – concomitantly – the 
formation or break up of solid bridges between particles does occur during 
different particle processing steps as well as under photocatalytic operation 
during UV excitation.15–17 With regard to their impact on the photo-activity 
of highly dispersed photocatalysts the formation and break up of particle– 
particle interfaces critically affect transport as well as recombination of  
photogenerated charges.

8.2  �The Solid–Gas Interface: Trapping Sites  
and Spectroscopic Manifestations

Different radical intermediates can emerge from photoexcitation of TiO2 
particle systems.18–21 Among them photogenerated electrons and electron 
hole centers, which are subject to subsequent trapping at defect sites, are 
employed as site selective surface probes and accessible to electron paramag-
netic resonance (EPR) as a particularly insightful analytical technique.22–27 
The EPR technique allows one to map out the electron density in the vicinity 
of a paramagnetic trapping site, to identify distortion of neighboring atoms 
around the defect and to probe the internal electric and magnetic fields at 
the trapping site. This is also true for molecular radicals derived from these 
charge carriers. The main paramagnetic sites which emerge upon UV exci-
tation of dehydroxylated TiO2 particles and which have been isolated on their 
surface or inside their bulk are listed in Table 8.1.

8.2.1  �Trapped Electrons
Historically, EPR work directed to semiconductor photocatalysis started on 
frozen TiO2 colloids. Characteristic types of Ti3+(d1) centers, the EPR powder 
signals of which exhibit a relatively narrow linewidth and which are charac-
terized by g tensor components of g‖ = 1.990 and g⊥ = 1.960, were found to be 
essentially independent of the pH of the surrounding dispersion agent.38 The 
insensitivity of the EPR line width to deuteration of the colloid surface was 
explained by the respective trapping sites’ location in the interior of the ana-
tase particle.39 This outcome actually resembles a situation where hydrogen 
is used as an external electron source. Related charge separation processes 
can be engaged when dry TiO2 particle powders become exposed to (i) atomic 
hydrogen or (ii) are UV excited in the presence of molecular hydrogen which 
serves as an hole scavenger under such conditions.39 Again, replacement of 
hydrogen by deuterium atoms does not show any isotope effect (H: I = 1/2,  
D: I = 1) on line shape and signal splitting. This points to the fact that the 
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Table 8.1  ��Paramagnetic sites observed on dehydroxylated anatase TiO2 particle systems during or after UV excitation.

Paramagnetic site Electron configuration Chemical reactivity at room temperature and below References

Ti3+[I] 3d1 Electron transfer to O2 28–30
g⊥ = 1.9640/g‖ = 1.9495
Ti3+[II]
g⊥ = 1.9900/g‖ = 1.9600
Electron center Unknown No surface reactivity reported 16 and 31
giso = 2.0025

Trapped electron hole O− 2px
22py

22pz
1 Cleaving of H–H, –C–H, –C–C– and –C–Si– bonds; 

reaction with O2 to ozonide-type trinuclear oxygen 
adducts

22,27,28,32
g⊥ = 2.0121/g‖ = 2.0046

Oxygen radicals
O2−[I] (1σg)2(1σu)2(2σg)2(2σu)2 CO oxidation 28,33–36
gzz = 2.0248/gyy = 2.0096/gxx = 2.0033 (3σg)2(1πu)4(1πg)3

O2−[II] (1σg)2(1σu)2(2σg)2(2σu)2

gzz = 2.0184/gyy = 2.0096/gxx = 2.0033 (3σg)2(1πu)4(1πg)3

O3−[I] (1a2)2(2b2)2(3a1)2(2b1)1 CO oxidation 28,34,35,37
g⊥ = 2.0015/g‖ = 2.0073
O3−[II] (1a2)2(2b2)2(3a1)2(2b1)1

g⊥ = 1.9996/g‖ = 2.0073
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spin density of the paramagnetic defect is negligibly small at the neighboring 
proton (or deuteron) of an adjacent hydroxyl group. Additional experiments 
to address potential hyperfine interaction arising from ions of the anionic 
sublattice were performed on TiO2 particle systems which had been surface 
enriched with 17O (I = 5/2). Corresponding results suggest that most trapped 
charges (i.e. Ti3+) actually remain on the surface, whereas only a minority 
seems to stabilize in the sub-surface region of the particle.30

In TiO2 aerosol nanoparticles which were synthesized and processed in 
dry atmosphere and measured under water-free conditions the g factors for 
the Ti3+ center are in qualitative agreement with those reported for colloids. 
The lower symmetry of the spin center’s g tensor, however, reveals some dif-
ferences in the local symmetry of the trapping site. Despite these changes in 
unit cell distortion, the comparison of EPR results obtained on frozen aque-
ous colloids and TiO2 particle powders under vacuum conditions reveals a 
broad agreement. This is somehow surprising, since for metal oxide particle 
systems that are covered with water molecules and exhibit a substantial sur-
face hydroxylation one would expect different trap sites with paramagnetic 
as well as diamagnetic properties as compared to TiO2 nanoparticles with 
essentially bare oxide surfaces.

A recent perspective on the EPR characteristics of charge trapping sites in 
TiO2 has been given by Giamello et al.30 Particular attention has been paid 
to g-tensor analysis as well as to the important issue of hyperfine interaction 
and electron spin density using advanced pulse-EPR techniques. For a sys-
tematic comparison of trapped electrons in the TiO2 polymorphs anatase and 
rutile the authors employed different chemical and physical procedures –  
such as (i) the admixture of aliovalent ions (e.g. Nb5+ or F−) to the TiO2 lattice 
during synthesis, (ii) the exposure of particle powders to H atoms and (iii) the 
photoexcitation of particle powders in the presence of hole scavengers, such 
as molecular H2. Despite the structural complexity of a particle ensemble 
and in particular the analytical challenge of site heterogeneity the authors 
identified EPR powder signals with well-defined EPR parameters. These also 
include hyperfine data obtained on 17O (I = 5/2) enriched samples. The two 
predominant cases, discussed by the authors, are interstitial Ti sites in rutile 
and substitutional Ti sites in anatase. In the case of TiO2 rutile the measured 
spin density at the six oxygens around the Ti3+(d1) cation clearly points to a 
single cation as a spin center,40 while delocalization must be inferred from 
the respective data of TiO2 anatase.

In semiconducting metal oxides oxygen deficiency typically connects to 
defects that are also likely candidates for charge trapping. For this reason, 
oxygen vacancies and associated excess electrons have been extensively 
examined by theory.41–43 Consistent with their experimental observation by 
surface science techniques – i.e. a defect feature approximately 1 eV below the 
conduction band minimum as seen by ultraviolet photoelectron spectros-
copy (UPS) and electron energy loss (EELS) spectroscopy – modern hybrid 
density functional calculations correctly reproduce the presence of local-
ized defect states detached from the bottom of the conduction band. For the 
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191Traps and Interfaces in Photocatalysis: Model Studies on TiO2 Particle Systems

rutile modification of TiO2 most of the associated spin density is localized 
on the two Ti ions adjacent to the oxygen vacancy, which leads to the elec-
tronic reduction of Ti4+ ions to Ti3+ ions. The relaxed singly charged oxygen 
vacancy with one unpaired electron corresponds to a trapped state localized 
at a six-fold coordinated cation. This is quite different from other prototyp-
ical semiconducting oxides such as ZnO and WO3 where the excess electron 
density was found to be localized at the vacancy site,43 a situation which is 
comparable to F+ centers in strongly ionic insulating metal oxides or halides. 
While for TiO2 it is still debated whether trapped electrons are localized on 
single titanium cations40 or delocalized over multiple ions, there appears to 
be agreement in the solid state physics and surface science community that 
the electronic structure of an oxygen vacancy does not provide sufficient sta-
bilization to allow for electrons trapped inside the center of the defects.9,43

Interestingly, therefore, there are continued reports of single electron 
trapped oxygen vacancy centers,44 also denoted as F+ sites or color cen-
ters.45,46 Isotropic EPR signals in the g value range between the free spin value 
g = 2.0023 and g = 2.004 are typically used as spectroscopic evidence for this 
defect type. Related paramagnetic electron centers, which do not undergo an 
electron transfer to adsorbed O2, have been reported for TiO2-based materi-
als for many years. Serwicka et al.47 found that on oxygen deficient TiO2 the 
adsorption of electron acceptors such as O2, SO2 or SF6 leads to an intensity 
increase of a symmetrical signal at g = 2.003. This effect has been attributed 
to conduction band electrons localized at anion vacancy sites. In addition to 
other reports focusing on the optical properties of the underlying defects48–50 
some investigations even claimed a correlation between this type of center 
and photocatalytic activity in the visible light range.45,51 Most reports, how-
ever, provide no or only very little information about the structural proper-
ties of the particle ensemble investigated and in particular about their level 
of particle agglomeration and aggregation. As will be outlined in more detail 
below, sample history, i.e. the way the TiO2 particles were synthesized and 
subjected to thermal processing and sintering, is key to the generation and 
depletion of functional defects that determine the photo-electronic proper-
ties of materials.

In the past we characterized vapor phase grown TiO2 particles before and 
after aggregation in great detail and observed the above described paramag-
netic defect exclusively on ensembles of aggregated and sub-stoichiometric 
particles.16,31 As an additional characteristic of this paramagnetic finger-
print, its intensity and resonating field also depend on residual oxygen in 
the surrounding gas atmosphere. The microwave saturation behavior proves 
that this electron center is chemically different from paramagnetic coke 
impurities which typically arise from annealing of oxide samples that are 
contaminated by synthesis related organics. Moreover, it was found that the 
underlying paramagnetic sites are isolated defects in the particles’ subsur-
face region.16 On the other hand, the defect must be close enough to the sur-
face to feel the influence of adsorbed oxygen which induces a strong intensity 
increase of the associated signal.16 A more detailed investigation addressing 
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the location of the underlying defect site would also involve theoretical mod-
eling and is still missing. In any case, it can be concluded at this stage that in 
addition to well-accepted Ti3+ sites with characteristic g tensor components 
there also exist paramagnetic electron centers which directly connect to the 
presence of particle–particle interfaces and grain boundaries.16 Up to now 
we did not observe any UV induced concentration changes, i.e. effects which 
would indicate their involvement in photophysical processes relevant to pho-
tocatalysis. Oxygen gas addition to nonstoichiometric TiO2−x or to TiO2 under 
UV excitation initiates transfer from Ti3+ states to adsorbed oxygen upon for-
mation of surface adsorbed superoxide anions. Consequently, the Ti3+ signa-
ture in the EPR spectrum becomes annihilated.

8.2.2  �Trapped Holes
The photo-oxidative properties of TiO2 particle systems arise from pho-
togenerated hole centers from the valence band or out of a trapped state 
(O− radicals).52 In addition to transient absorption spectroscopy,15,53 EPR is 
the method of choice to explore hole trapping in metal oxide particle sys-
tems.27,54,55 In TiO2 particle systems photogenerated hole centers become 
predominantly trapped at the surfaces of the particles.12,39 It is important 
to recall at this point that EPR signals of surface paramagnetic states and 
adsorbates are subject to quenching by molecular oxygen from the surround-
ing gas atmosphere. This effect, which originates from exchange interaction 
between the paramagnetic centers and triplet oxygen, provides an import-
ant diagnostic in order to discriminate between the spin center’s location in 
or underneath the particle surface. Moreover, in the case of surface trapped 
hole centers (see below) this effect is indicative of oxygen content and the 
composition of the surrounding atmosphere. Thus, the measured intensity 
and line-shape of their related EPR signals (O−: g⊥ = 2.0121, g‖‖ = 2.0046) is, 
first of all, subject to the residual gas atmosphere during spectroscopic mea-
surement as well as to the general particle surface properties, e.g. total sur-
face area, level of hydroxylation and hydration. There are different reports for 
dehydroxylated TiO2 particle systems in controlled gas environment reveal-
ing O− radicals generated from lattice O2− in the valence band.26,30,55,56 Despite 
first published results on 17O enriched TiO2 powders samples57 the under-
standing of the local geometry of various surface trapping sites is less clear 
than in the case of Ti3+. A certain controversy regarding trapped holes assign-
ments mainly results from the fact that holes are localized in the TiO2 surface 
region and highly reactive. As such they are able to cleave H–H, –C–H, –C–C– 
and –C–Si– bonds.21,27,58 Moreover, we note that the role of hydroxyl groups 
becomes complicated also in this context, since under real photocatalytic 
conditions TiO2 particle systems with surface hydroxyls and multilayers of 
adsorbed water are used. Under these conditions, there are large numbers 
of different hydroxyls which are embedded in different structural environ-
ments and which transform trapped hole centers in short-lived OH· radicals. 
These can only be tracked by spin trapping techniques which in turn require 
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193Traps and Interfaces in Photocatalysis: Model Studies on TiO2 Particle Systems

a liquid solvent and, thus, would describe a solid–liquid interface.59,60 From 
this it becomes clear that more work is still needed to unravel the mechanis-
tic impact of surface hydroxyls and water molecules on the reactive pathway 
of photogenerated hole centers.

8.2.3  �Trapped Hydrogen
Hydrogen impurities in semiconductor oxides have been the subject of 
intense and growing research activities.61–64 For experiments, FT-IR spec-
troscopy has turned out to be an extremely sensitive and versatile technique 
not only to characterize the vibrational modes of H bond moieties inside the 
lattice but also to detect free and shallow trapped electrons.64–67 Broad IR 
absorption signals typically emerge upon dissociation of molecular hydro-
gen on ZnO powders at 298 K66,68 with intensities that increase with tempera-
ture.69 These absorptions, the envelope shape of which was found to depend 
on particle morphology, were attributed to inter-band transitions of conduc-
tion band electrons and to electronic transitions from shallow donor states 
into the conduction band.68 Similar experimental observations were made 
for ZnO that, prior to measurement, had either been contacted with atomic 
hydrogen66 or exposed to a hydrogen plasma.70 It was proposed that hydro-
gen atoms diffuse into grain boundaries and reach subsurface and bulk 
regions of the metal oxide where they become active as shallow donor states. 
In some oxides hydrogen is stabilized both in the form of ions and neutrals.62 
Using nuclear reaction analysis Traeger et al.71 determined in commercially 
available ZnO single crystals hydrogen concentration levels that were signifi-
cantly higher than those typically reported for shallow donor species. This 
underlines the substantial storage capacity of the metal oxide lattice for neu-
tral atomic hydrogen.

A broad signal in the IR range, monotonically increasing towards lower 
wavenumbers, was observed after exposure of TiO2 nanoparticles to atomic 
hydrogen gas or upon hydrogen dissociation and spillover on Au/TiO2 
nanoparticles.72,73 In both cases hydrogen atoms presumably diffuse into the 
TiO2 bulk and donate electrons to shallow trapped states. Both electron exci-
tation from these states to the conduction band and inter-conduction band 
transitions have been proposed to contribute to the overall intensity of the 
broad IR signal measured under high vacuum conditions.72,73 That H-doping 
produces Ti3+ species as a result of hydrogen atom dissociation into protons 
bound to a lattice oxygen and electrons has also been confirmed by recent 
DFT calculations.63 Sezen et al.67 explored the IR-absorption properties of 
rutile TiO2 powders and single crystals and – after exposure to atomic hydro-
gen – presumably identified transitions of self-trapped conduction band elec-
trons (intrinsic trap states) into excited hydrogenic states which correspond 
to polarons. As mentioned above, electron injection from hydrogen atoms 
into TiO2 powders is also accessible to EPR spectroscopy as paramagnetic 
Ti3+(d1) states upon hydrogen ionization.30,39,43 For TiO2 anatase powders the 
n-type doping level of the starting material seems to determine the relative 
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abundance of different types of Ti3+ species.74 One type of Ti3+ center was 
exclusively formed in the anatase TiO2 bulk when Nb doping was performed 
for valence induction.30 On bare anatase TiO2 powders that are exempt from 
dopants an additional Ti3+ center with a large line width was attributed to 
trapping sites at the semiconductor surface.74 Whether the formation of bulk 
centers is (i) connected to surface ionization and electron diffusion towards 
the respective trapping site or (ii) to the penetration of neutral H atoms into 
the interior of the TiO2 nanocrystal and subsequent ionization depends on 
temperature and has not been resolved up to now.39 Upon heating of a H-cov-
ered sample, however, hydrogen diffusion into the rutile TiO2 bulk was found 
to be favored in comparison to hydrogen elimination via desorption into the 
vacuum.75 The relevance of subsurface sites for the trapping of hydrogen has 
been recognized both by theory and experiment.76,77

In addition to vacuum experiments, IR absorptions originating from 
electrons in shallow traps have also been measured in aqueous solutions. 
Related observations were made on TiO2 during UV excitation in contact with 
hole acceptors dissolved in aqueous solutions78,79 as well as during cathodic 
polarization in aqueous electrolytes.80,81 The electrochemical electron accu-
mulation in TiO2 particle based electrodes in aqueous environment is con-
nected to H atom ionization in vacuum insofar as the processes of electron 
localization and proton adsorption or proton insertion must occur in paral-
lel.82–84 This will be outlined in more detail in Section 8.6. Importantly, hydro-
gen is ubiquitous not only during the operation of the photocatalyst but also 
during material synthesis and characterization. Hydrogen is for instance the 
predominant residual gas in ultrahigh vacuum systems employed for surface 
science studies. In view of materials optimizations, this prompts the need 
for a more comprehensive exploration of hydrogen interaction with semicon-
ductor oxides and its static and dynamic function therein.

8.2.4  �Trapped Charges and Optical Fingerprints
The optical fingerprints of trapped charges have extensively been exploited in 
transient spectroscopy studies to follow the kinetics of elementary processes 
in a photocatalyst material upon UV exposure.1,15 While trapped holes and 
electrons absorb light in the visible and NIR range, free electrons give rise to 
characteristic absorptions in the IR and MW range. A very broad signal is in 
the vis/NIR typically emerges from trapped electrons upon induced charge 
carrier separation,85–88 thermal reduction,89,90 injection of radiolytically gen-
erated hydrated electrons91 or electrochemical charge accumulation.92 This 
absorption has been attributed to electrons localized in band gap states (Ti3+ 
centers), to electrons in the CB, or to a superposition of both. The leveling 
off of the absorbance at longer wavelengths in the visible and NIR range, 
which in some cases culminates in a pronounced maximum, has been inter-
preted in terms of d–d transitions of localized Ti3+ states.93,94 The d–d tran-
sition is symmetry forbidden, however, symmetry breaking by asymmetric 
ligand field splitting or vibronic coupling makes weak absorption possible. 
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The monotonic increase towards longer wavelengths, on the other hand, was 
attributed to the Drude absorption of free CB electrons.95 Free electron tran-
sitions in the CB require an additional interaction to conserve momentum. 
The change in momentum can be provided by coupling with phonons or by 
scattering at impurities. Free CB electrons will give rise to a broad IR signal 
with an absorbance A developing as:
  
	 A(λ) = Cλp	 (8.1)
  

Here λ is the wavelength (in µm) and C is a proportionality constant. The 
scattering constant p can range from 1.5 to 3.5 depending on the statisti-
cal weight of the processes, which provide the momentum change. Broad 
IR absorptions typically observed on TiO2 samples following UV expo-
sure,78,79,96,97 connected with atomic hydrogen,67,98,99 electrochemical elec-
tron accumulation80 or thermal reduction in vacuum,97 have been assigned 
alternatively to inter-conduction band transitions, electron excitation from 
shallow-trapped states to the conduction band or transitions of self-trapped 
electrons into excited hydrogenic states corresponding to a polaron.

8.3  �Slow Charge Trapping and Charge Carrier 
Quantification at the Solid–Gas Interface

In addition the bulk properties photocatalyst particle assemblies are charac-
terized by various exposed crystal faces, which give rise to surface defects of 
different nature, energy and location. Upon light-induced charge carrier gen-
eration, these defects may act as sites for trapping, recombination or trans-
fer of charge carriers. In this context, synergistic effects can occur between 
different surface planes with regard to trapping and consumption of elec-
trons and holes.100–102 However, after charge carrier generation, they have 
to be transported to the respective active sites. In TiO2 particle assemblies 
such a transport is connected to multiple trapping events involving different 
trapping sites with a certain energetic and spatial distribution.103 As a result, 
charge carriers undergo a sequence of consecutive steps until a steady state 
distribution of charge carriers is established.

Time-resolved absorption spectroscopy following laser pulse excitation 
has extensively been used to study charge carrier dynamics in photocata-
lyst particles.1,2,15 This approach allows for tracking the elementary steps of 
charge carrier trapping (typically in the ps-range and below),104 charge car-
rier recombination (typically in the ps- to ns-range) as well as fast interfacial 
charge transfer (typically in the sub-ns to ms range). However, the time to 
reach at a given light intensity a steady state with respect to the energetic and 
spatial distribution of trapped charges can exceed the duration of a single 
laser pulse as applied in transient spectroscopic studies.

In situ time-dependent spectroscopic information about light induced pro-
cesses which occur on the time scale of minutes and above, as well as under 
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continuous wave excitation using low light irradiances (in the power range of 
mW cm−2) are scarce. Such conditions, however, resemble the situation typi-
cally encountered in photocatalysis more closely. Hoffmann and co-workers96 
introduced the term slow charge trapping in the context of TiO2 photocatalysis 
and reported diffuse reflectance IR spectroscopy (DRIFTS) data showing the 
decay of free and trapped electrons in polycrystalline TiO2 after UV excitation 
with a high-pressure Xe lamp as light source. A broad absorption signal pro-
portional to λ1.7 (λ is the wavelength in µm) was attributed to conduction 
band electrons coupled to acoustic phonons of the lattice. Free carrier decay 
lifetimes in the range between minutes and hours were found to extend with 
increasing surface dehydration and dehydroxylation. Moreover, the absorp-
tion intensity of the IR active hydroxyl stretching bands is subject to the local 
electric fields caused by trapped electrons.105 As a major conclusion, surface 
hydroxyls do actively participate in irreversible charge carrier trapping but 
also mediate charge recombination.104–107

Continued research addressing solid–gas interface effects has led to the 
identification of additional spectroscopic manifestations of photogenerated 
charges with similar UV exposure time dependent intensity changes.13,28,97,108 
Slow charge trapping processes have been studied in combination by using 
FT-IR and EPR. In addition to the IR absorption of itinerant electrons in the 
conduction band, trapped and localized holes (O−) and electrons (Ti3+) were 
measured by EPR spectroscopy.97

Furthermore, surface adsorbed oxygen radicals (O2
−, O3

−) emerging from 
interfacial transfer of photogenerated electrons or holes to O2, respectively, 
were explored in detail on dehydroxylated TiO2 particle surfaces.19,28,58 In the 
absence of electron and hole scavengers, i.e. at p < 10−6 mbar, most charge 
carriers recombine within a few nanoseconds.109 Nevertheless, at cryogenic 
temperatures (T ≤ 140 K) charge carrier trapping can become significant and 
intensity changes related to spectroscopic fingerprints can be tracked in the 
range of minutes to an hour. Figure 8.2 provides an illustrative example of 
the time-dependent increase of paramagnetic hole centers on an ensemble 
of TiO2 nanocrystals as tracked by CW X-band EPR measurements. Related 
concentration build up reflects a steady state situation and results from a 
complex reaction network involving several electronic transitions that occur 
within a nanosecond time scale and which are typically followed by transient 
spectroscopies.5,15 Observed saturation levels in intensity as well as their 
temperature dependence reveal important quantitative insights into mate-
rials specific factors determining the photocatalytic performance of a given 
material.28,97

During UV excitation oxygen as an electron scavenger leads to O2 pho-
to-adsorption and enhances the efficiency of charge separation by an order 
of magnitude.28 This allows for quantification of effectively separated 
charge carriers per nanocrystal on the basis of volumetric titration of photo- 
adsorbed oxygen. Moreover, the impact of parameters such as the temperature, 
the energy and the flux of photons as well as the presence of hole or electron 
acceptors in the environmental phase can be investigated in a systematic way.

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1516897/bk9781782620419-00185.pdf by Indian Institute of T
echnology M

adras user on 07 June 2023



197Traps and Interfaces in Photocatalysis: Model Studies on TiO2 Particle Systems

For loose powder samples, contained within a quartz glass tube at p < 10−6 
mbar and cooled via a liquid nitrogen reservoir (Figure 8.2, left), UV induced 
local heating was tracked by signal intensity changes of EPR active trapped 
holes.13 Upon sample excitation with polychromatic light from a 300 W Xe 
lamp connected to a water filter an irradiance-independent, maximum hole 
center concentration [O−]max corresponding to one separated electron–hole 
pair per particle was established at irradiances below I = 1.55 mW cm−2. Upon 
light discontinuation only a minor signal intensity drop was observed with 
∼95% of [O−]max persisting in the dark. At light irradiances I > 1.55 mW cm−2, 
a secondary annihilation process for trapped holes becomes effective. This 
process can be tracked in situ via the time evolution of the O− signal. Fol-
lowing an initial O− build-up upon UV exposure a signal intensity decrease 
was observed and attributed to a local temperature rise and consequently 
an increased non-radiative recombination of electrons and holes. Upon light 
discontinuation sample cooling gives rise to an increase of the O− signal 
intensity according to Curie’s law. The contributions of enhanced electron–
hole recombination and of temperature-dependent EPR sensitivity changes 
to the decrease of the O− signal intensity were estimated and a local tempera-
ture increase of ΔT = 25 K at I = 6 mW cm−2 was determined.

Following high intensity broad band irradiation of 300 mW cm−2 Howe 
and coworkers27 observed a dramatic increase of the EPR signal intensity 
of trapped electrons once UV exposure was stopped. They postulated a light 
power dependent dynamic equilibrium between EPR active, trapped electrons 
and EPR silent conduction band electrons as the reason for the signal intensity 
changes observed. Local heating effects upon high intensity UV exposure, as 
discussed above, could also contribute to a decrease of EPR signals.

Another example for how the control over the experimental conditions 
(dehydroxylated and adsorbate free particle powders, cryogenic temperatures, 

Figure 8.2  ��Set-up for in situ EPR experiments (left) and a typical time course of hole 
trapping (right) observed for UV excited semiconducting metal oxide 
nanomaterials in the temperature range 90 ≤ T ≤ 500 K and at resid-
ual gas pressure of 10−6 ≤ p ≤ 103 mbar. Typically, the EPR sample tube 
contains around 300 mg of a nanoparticle powder which corresponds 
to approximately 1015 TiO2 nanocrystals. In the course of these experi-
ments they are exposed to UV light of defined energy and photon flux.13
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vacuum conditions or controlled gas atmosphere) sheds light on the impact 
of the materials properties on charge separation is illustrated for TiO2 and 
ZrO2 nanocrystals in Figure 8.3.110

Prior to the UV excitation experiments, the structure and morphology as 
well as the spectroscopic properties of the dehydroxylated nanoparticles were 
explored in detail. On this basis, the photogeneration of surface adsorbed O2

− 
radicals was used to quantify the number of separated charges by EPR and to 
relate obtained values to the number of oxide particles that were exposed to 
known numbers of UV photons with defined energies. As a result, dehydroxy
lated ZrO2 nanoparticles are by two orders of magnitude more efficient in 
oxygen-assisted charge separation than TiO2. The diminished charge sepa-
ration yield in TiO2 was attributed to a high concentration of EPR active hole 
centers trapped at the particle surface. Corresponding to deep trap states 
these can persistently stabilize photogenerated holes and, at the same time, 
act as recombination centers.110 The absence of a related defect type in ZrO2 
nanocrystals allows for a charge separation yield that is comparable to TiO2 
and compensates for the significantly wider optical band-gap (ZrO2: 5.2 eV; 
TiO2: 3.2 eV) (Figure 8.3).

Results from IR and EPR studies on dehydroxylated TiO2 powders in 
high vacuum, i.e. at pressures below p = 10−6 mbar,28,39 also connect to band 
bending effects that are accessible to photoluminescence measurements.108 
During related studies it was found that the surface potential of TiO2 parti-
cles alters upon UV exposure and/or upon adsorption of electron-acceptor 
and -donor molecules. This affects the interfacial depletion layer and, conse-
quently, determines the depth of the active photoluminescence region. Pho-
toluminescence is an extremely sensitive and in this context valuable tool 
for addressing electron–hole recombination processes upon UV exposure in 
conjunction with the adsorption of probe molecules.14,108,111

Figure 8.3  ��(a) Concentration of photo-adsorbed oxygen, i.e. number of O2
− per par-

ticle, as a function of impinging photons corrected for the oxide spe-
cific properties of TiO2 and ZrO2. (b) UV absorption spectra of TiO2 and 
ZrO2 nanoparticle powders and emission spectrum of the UV source.110
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Surface photovoltage spectroscopy (SPS) which probes light induced 
changes of the contact potential difference in thin films upon light exposure 
is a complementary non-spectroscopic approach for this type of problem.14 
Photogeneration of charge carriers and consecutive separation paths have 
thus been addressed in novel photocatalysts112,113 including sensitized114 and 
doped115 semiconductors and nanocomposites.116 Furthermore, the role of 
physisorbed water as a critical component of the ambient atmosphere and its 
effect on the redistribution of photogenerated charge carriers was addressed 
in a combined SPS and IR-spectroscopic approach. Water adsorbed on TiO2 
nanoparticles was proposed to induce surface states which influence the sur-
face charge carrier redistribution.117 Quantum mechanical calculations101 
suggest significant modifications of the density of electronic trap states upon 
water adsorption on anatase TiO2 nanocrystals, and, specifically, a reduction 
of the number of localized states.

The evaluation of the impact of materials specific factors such as surface 
and interface properties on slow charge trapping processes on the time frame 
and concentration range they occur (Figure 8.2) may provide key insights 
to the complex and entangled mechanism that leads to the light-induced 
modification of macroscopic semiconductor interface properties such as the 
superhydrophilic behavior of TiO2 surfaces.118 Photoinduced as well as ther-
mally induced interface changes have been proposed to contribute to this 
complex behavior, where the consumption of photogenerated charges seems 
to be critical.15

8.4  �From Solid (Particle)–Gas to Solid (Particle)–
Liquid Interfaces: Changes on Different  
Size Scales

The study of solid–liquid interfaces is far more demanding than the charac-
terization of solid–gas or solid–vacuum interfaces. This is mainly due to the 
fact that the solid–liquid interfaces are buried in between two condensed 
phases. Surface-sensitive techniques, in turn, typically rely on the use of elec-
trons, ions or atoms as probes. The liquid continuous phase represents a 
severe impediment for them. Nevertheless, a good number of approaches 
have now been developed as covered by a recent and insightful review.119

On the basis of experiments on two-dimensional model metal oxide sur-
faces it has been established that the structure of interfacial water, i.e. in 
the first hydration layers, is distinct from bulk water (Figure 8.4, right-hand 
side).120 As identified by in situ X-ray scattering approaches, the organization 
of hydration layers is limited in extent to a few water correlation lengths. 
This corresponds to distances of l ∼ 1–2 nm. Interestingly, rutile TiO2 (110) 
seems to be a specific case, since a strong interaction between the first water 
layer and the substrate weakens the interaction of this first water layer with 
the subsequent ones.121 The fact that this is not generic to all oxide surfaces 
underlines that the observed hydration structures are not only determined 
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by characteristics of the solid surface (i.e. charge, spatial arrangement and 
coordination of ions) but are also sensitive to the adsorption of ions out of 
the surrounding liquid.121

The high surface-to-volume ratio specific to nanoparticles corresponds to 
an increase in the relative fraction of surface ions. This is in line with an 
increase of the number of broken surface bonds relative to the bulk Ti–O 
bonds. Moreover, curvature effects have an impact on the relaxation of sur-
face atoms and, thus, on their coordination geometry (Figure 8.4). Step edges 
and related defects serve as preferential sites for charge accumulation.122–124 
Their surface concentration is expected to increase with decreasing particle 
size. While nanoparticles, which are embedded in vacuum or surrounded 
by a fluid of chemically inert molecules, contain a fraction of isolated adsor-
bates, impurities and defects (Figure 8.1(b)), the properties of correspond-
ing solid–liquid interfaces are subject to the presence of functional groups. 
These emerge from the interaction between coordinatively unsaturated sur-
face ions with water and/or ions dissolved therein.125 Terminal as well as 
bridging oxygen sites provide surface groups with various different protona-
tion states (e.g., Ti–O−, Ti–OH0, Ti–OH2

+). Corresponding acid–base equilib-
ria provide means for the pH dependent adjustment of surface charge.

With regard to metal oxide nanoparticles there exists very few systematic 
work which addresses the similarities and differences in the reactivity between 
solid–gas and solid–liquid interfaces.126 As an interesting example, it has been 
found for platinum nanocrystals that the mechanisms for an alcohol oxida-
tion reaction on the solid–gas and solid–liquid interface are entirely different. 
This is largely because water substantially promotes the alcohol oxidation step 
in the liquid and enables different and additional adsorption geometries for 
the species involved.127 In other words, there are cases where condensed water 
molecules stabilize reaction intermediates (or photoexcited states128,129) and 

Figure 8.4  ��Schematic that illustrates the different lengths scales on which TiO2 
particle contact with water needs to be addressed and discussed. While 
surface science with support from atomistic simulations focuses on 
atomic scale effects (right-hand side), many charge separation effects 
arise from changes at the microscale, i.e. the change in particle assem-
bly as mediated by the surrounding liquid continuous phase (see also 
Section 8.5).
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may even facilitate the charge transfer process at the solid–liquid interfaces, 
while related molecules may compete with the reactants for active sites at the 
solid–gas interface and therefore can lower the reaction rate of the gas-phase 
reaction. To the best of our knowledge such comparative studies have not been 
pursued for TiO2 particle systems either in the dark or under UV excitation.

For a more realistic description of the electrostatic situation of solid–liquid 
interfaces the shift from the concept of point charges to the charge distribu-
tion of the interfacial species has turned out to be a promising and workable 
concept.125,130,131 TiO2 nanoparticle based electrodes are employed in dye 
sensitized solar cells in contact with a liquid electrolyte. Electric fields were 
expected to be completely screened from the surface anchored dye molecules 
by the large dielectric constants of the semiconducting oxide and the solvent 
as well as the high ionic strength of the electrolyte. Transient absorption mea-
surements, however, have shown that in the course of light-induced operation 
surface adsorbed sensitizer molecules in the ground state were perturbed in a 
way consistent with an underlying Stark effect.132 Thus, at the TiO2–electrolyte 
interface ions and solvent molecules respond to the surface electric field gen-
erated by electron injection upon reorganization from the dark equilibrium 
condition. Such screening effects, however, seem to be incomplete. Similar 
absorption changes can be induced by an electrochemical reduction of the 
mesoporous TiO2 particle films, whereas the electric field experienced by the 
adsorbed sensitizers strongly depends on the ions in solution.133

Particle dispersion in liquids and their transformations into colloids gener-
ates a materials situation of substantially enhanced complexity (Figure 8.4). 
However, important for the investigation of charge separation, charge trap-
ping as well as photochemistry studies, photo-electrochemistry can come 
into play and – in addition to its potential to quantify transferred charges – 
offers an additional experimental window to investigate charge redistribution 
effects, such as redistribution of protons inside an immobilized ensemble of 
TiO2 nanoparticles (see also Sections 8.3 and 8.6).

There is a tremendous complexity increase on many length scales (Figure 8.4) 
when one moves from the solid particle–gas to the solid particle–liquid inter-
face. Purely interface-specific changes that are relevant for energy and charge 
transfer processes as well as for adsorption and catalytic activity are typically 
discussed on the single particle level. However, there are also changes on the 
meso- or super-particle scale. These involve altered secondary structures of the 
particle ensemble (i.e. the state of agglomeration and aggregation) and, poten-
tially, the generation or detachment of particle–particle interfaces.15–17,31,134

8.5  �Microstructural Changes of Particle Ensembles 
and Solid–Solid Interface Formation

An important issue related to the performance of a nanoparticle-based photo-
catalyst is the state of particle aggregation and the nature of the interparticle 
forces and interfaces. While in the last few years there have been undertaken 
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different successful efforts to assemble TiO2 nanoparticles into mesoporous 
macroscopic structures and superlattices135–137 such as photonic crystals, 
nanocrystalline thin films and/or photoelectrodes to be employed for pho-
tocatalytic degradation of unwanted substances, related microstructural 
changes and their impact on the photo-electronic properties were scarcely 
addressed in a systematic way.136,138

Colloidal TiO2 nanoparticle dispersions typically transform into trans-
lucent white and wet pastes when the liquid dispersing agent becomes 
stepwise eliminated. Finally, upon drying monolithic bulk objects with 
the size of millimeters and more can emerge (Figure 8.5). For reasons of 
simplicity and cost in the production of immobilized TiO2 nanoparticle 
photo-catalysts most evaluated nanoparticle assemblies are disordered 
and made up from interconnected nanocrystals without any mutual ori-
entation relationship. While in case of surface functionalized TiO2 parti-
cle systems many disordered arrangements are homogeneous enough to 
enable the formation of transparent macroscopic objects,139 this high level 
of organization is obviously not achieved for TiO2 particle systems which 
exhibit bare particle surfaces and which are usually employed for surface 
and interface studies.90

Figure 8.5  ��Digital images of vapor phase grown TiO2 nanoparticle ensembles 
that become transformed from a powder (top) into monolithic pieces 
of nanoparticle aggregates (bottom) via intermediate contact with liq-
uid water. The materials transformation is performed under ultrapure 
conditions, i.e. in the absence of inorganic ions, organics or surface 
active species. A quantitative EPR determination of the charge separa-
tion properties of the TiO2 nanoparticle based ensemble of different 
microstructures revealed that solid–solid interfaces forming as a result 
of dehydration and dehydroxylation between the particles give rise to 
a significant decrease in the yield of persistently trapped charges.140,141
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For aqueous TiO2 nanoparticle dispersions it was actually found that aggre-
gation reduces the generation of free hydroxyl radicals or other oxygen-based 
radicals.142 First of all, related effects can be attributed to mass transfer and 
shadowing effects, but also electronic factors are expected to play a role. 
Bahnemann et al.143 discovered that particular types of agglomerates enforce 
the electronic coupling between primary particles and – with respect to the 
materials’ photocatalytic activity – can compensate for the concomitant loss 
of surface area.142–144 Moreover, an additionally proposed mechanism relates 
to the rapid dissipation of photon energy.109 Charge carrier recombination, 
which applies to the majority of photogenerated charge carriers within the 
first 100 ns, can lead to a rapid and local release of heat which breaks up the 
particle agglomerates and, consequently, creates for adsorption new free sur-
face sites which were previously buried at the solid–solid interface.15 On the 
other hand, opposite effects have also been reported: UV irradiation of P25 
TiO2 dispersions in water were found to lower the isoelectric point, reduce the 
positive surface charges and, ultimately, lead to enhanced particle aggrega-
tion and to photocatalytic activity decrease.17 The discrepancies mentioned 
here clearly underline the importance of information about the surface and 
interface properties of TiO2 particles in order to establish robust concepts 
about complex changes in the secondary structure of particle ensembles 
upon photoexcitation.

In the course of experiments aimed at the comparative address of 
solid–gas and solid–solid interface effects it was found that homogeneous 
nanoparticle networks show a significantly reduced capacity to separate pho-
togenerated charges as compared to powders of isolated particles.140 Since 
the intrinsic particle properties, including the chemical composition of the 
interface, have not been affected by the particle aggregation process itself  
(Figure 8.5)31 this recombination loss must be attributed to solid–solid 
interfaces that facilitate the annihilation of photogenerated charges in 
homogeneous nanoparticle networks.140 There are different synthetic strat-
egies towards monolithic TiO2 anatase nanoparticle networks available: (i) 
aggregation of vapor-phase grown anatase nanoparticles31 and (ii) solution 
based processing of a glycolated titanium precursor combined with thermal 
annealing. Both approaches yield samples with high concentrations of par-
ticle–particle interfaces and comparable properties in terms of surface area, 
porosity and microstructure.16 To compare the surface properties of the two 
types of mesoporous TiO2 particle networks we employed paramagnetic O2

− 
probes and identified the same types of surface cations as potential sites for 
interfacial charge transfer.16,140 Related linkage between spectroscopically 
detectable defects and microstructural features represents relevant informa-
tion for the rational development of mesoporous TiO2 systems with improved 
efficiencies.137,145

Moreover, we want to point out that the processing of particle systems mat-
ters. For TiO2 and other semiconducting metal oxides which were obtained 
by gas phase synthesis, it was found that the presence of water, independent 
of whether it is physisorbed from the surrounding ambient air or stems from 
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contact with liquid water, leads to the formation of solid–solid interfaces 
between the particles. This corresponds to the transformation of nanoparti-
cle powders into mesoporous nanoparticle networks (Figure 8.5).140,146 In the 
case of TiO2, SnO2 or In2O3 this change in microstructure and aggregation 
state substantially affects the optical absorption properties and the intrinsic 
n-type conductivity.90,146 Such observations must be included in the evalua-
tion of the photo-electronic properties of wet chemistry derived oxide nano-
structures, such as, for example, the titania aerogels:16,137 solvent removal as 
well as additional procedures aimed at bare and adsorbate free particle sur-
faces are inevitably associated with the production of solid–solid interfaces 
as highly abundant structural features with a so far unnoticed detrimental 
effect on the charge separation properties (Figure 8.5).140

From a materials’ design perspective, however, the development of crystal-
line nanoparticle networks where the interpenetration of the different mate-
rial components and the degree of compositional intermixing in the neck 
region of particle interfaces can be controlled is key to the rational design of 
photo-electronically relevant heterojunctions at the nanoscale as well as for 
functional particle interfaces in general.101,141,147,148

8.6  �Charge Separation and Trapping at the Solid–
Liquid Interface – Slow Processes

When a photocatalyst is in contact with a liquid electrolyte it is both the bulk 
and interface properties of the solid as well as electrolyte composition which 
determine the overall electronic structure and the potential distribution at 
the solid–liquid interface (Figure 8.4).15,149–151 Upon UV excitation the elec-
tronic properties of the semiconductor–electrolyte interface then determine 
the branching ratio between desired charge transfer at the interface and the 
unwanted carrier recombination. The exploitation of photogenerated elec-
trons and holes for the interfacial redox reactions relies on efficient charge 
separation that is subject to semiconductor crystal size and aggregation. For 
particles with dimensions larger than the space charge layer width an inter-
facial electric field (band bending) facilitates the transport of electrons and 
holes to different regions of the photocatalyst and therefore provides means 
for efficient charge separation.152 In contrast, the crystal size of nanoparti-
cles is typically too small so that band bending can be neglected. In these 
systems charge transport through particle agglomerates primarily occurs via 
diffusion. Charge separation, in turn, is driven by differences in the reactivity 
of electrons and holes towards the species available at the interface.153

While for free electrons and holes inside the semiconductor the poten-
tial levels of the charge carriers are determined by the conduction or valence 
band edges, respectively, the position of the respective band gap states sets 
the potential level of the trapped charge carriers. The driving force for elec-
tron- and hole-transfer processes across the semiconductor–electrolyte 
interface results from their position in relation to the redox potential of the 
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species in solution. Valence band holes in TiO2 are characterized by a high 
oxidizing power (positive potentials) with respect to species at the semicon-
ductor–electrolyte interface making oxidation reactions at the photocata-
lyst surface very efficient. The comparatively low reducing power of free or 
trapped electrons, on the other hand, is reflected by the moderately negative 
potential of the TiO2 conduction band. As a consequence of the kinetic bal-
ance between the transfer of photogenerated electrons and holes, electron 
accumulation is typically observed in photoexcited TiO2 catalysts, even in the 
presence of moderate electron acceptors such as dissolved oxygen.154 Under 
such conditions electron transfer represents the rate determining step.

It was realized in the early stages of photocatalysis research that electro-
chemical concepts are applicable to the analysis of irradiated semiconduc-
tor particles.4 In the case of irradiated photocatalyst particles considered 
as short-circuited micro-electrochemical cells and with balanced anodic 
and cathodic processes, the respective particle attains under irradiation a 
mixed photopotential which results from the relative rates of the involved 
oxidation and reduction reactions. At semiconductor electrodes this quan-
tity is directly accessible via open circuit potential (OCP) measurements.151 
Mimicking the conditions on suspended or immobilized particles under 
illumination and during photocatalytic operation, the photopotential can 
be determined from the difference between the stationary OCP under 
illumination and the corresponding value measured in the dark. When 
under illumination photogenerated holes are preferentially transferred 
to solution, the OCP is more negative than in the dark due to electron 
accumulation in the semiconductor. Thus, the TiO2 electrode behaves as 
a photoanode. Importantly, for nanocrystalline thin films a change of the 
electrode potential can directly be translated into a shift of the Fermi level 
of the photocatalyst, provided the band positions are pinned upon semi-
conductor charging. On this basis electrochemical and spectro-electro-
chemical approaches can provide direct experimental access to the density 
of states (DOS).80,155–157 Moreover, open circuit photopotential decay mea-
surements constitute a valuable tool for studying the kinetics of electron 
transfer and recombination reactions (Figure 8.6).158 By using a combined 
approach based on voltammetric measurements in the dark and open cir-
cuit photopotential relaxation measurements on nanoporous TiO2 thin 
film electrodes Monllor-Satoca et al.154 determined kinetic constants at 
specified electron potential energies for the recombination process of elec-
trons with trapped holes and for the reduction of oxygen molecules. In the 
absence of electron acceptors in solution relaxation times of the order of 
minutes were observed. This indicates the high stability of trapped holes at 
the pre-irradiated TiO2 catalysts. Furthermore, a strong dependence of the 
first-order electron recombination constant on the energy or redox-poten-
tial of the electrons was observed. The latter effect was attributed to reactiv-
ity differences of trapped and quasi-free electrons. Importantly, increasing 
recombination constants were attributed to trapped electrons at grain 
boundaries.157,159

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1516897/bk9781782620419-00185.pdf by Indian Institute of T
echnology M

adras user on 07 June 2023



Chapter 8206

The concentration and distribution of band gap states in semiconductor 
particles is known to critically influence the sequence of elementary reac-
tions comprising the overall photocatalytic process. Ikeda et al.160 have deter-
mined the molar amounts of defective sites in TiO2 powders by the titration of 
photochemically accumulated electrons with methylviologen. The electronic 
energies of trap states attributed to coordinatively unsaturated Ti sites at the 
surface or in surface-near regions were found to be in the range of 0–0.35 V 
or 0–0.25 V below the conduction band edge of anatase and rutile particles, 
respectively. Furthermore, a linear correlation was observed between the rate 
constant of electron–hole recombination and the concentration of defects. 
Electron traps in nanostructured TiO2 electrodes give rise to a capacitive 
response in electrochemical measurements which typically arises from an 
exponential density distribution of states below the conduction band edge. 
In addition, a symmetric and much weaker contribution to capacity is often 
observed at more positive potentials.80,155–157,159,161–163 A comparison of the 

Figure 8.6  ��(a) IR spectra of an anatase TiO2 nanocrystal electrode during UV expo-
sure and after 1000 s in the dark. The reference spectra were taken prior 
to UV exposure at open circuit in the dark. (b) Temporal evolution of the 
monotonic signal (at 2000 cm−1) resulting from shallow trapped elec-
trons. (c) Open circuit potential (EOC) profile measured simultaneously. 
Electrolyte: N2-saturated 2 M HCOOH/0.1 M HClO4 aqueous solution.79
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capacitive response properties of TiO2 thin films that consist of networks of 
randomly oriented nanoparticles, with those of oriented nanowire and nano-
tube arrays and single crystal electrodes, suggests that these deep trap states 
are linked to grain boundaries.80,159 On the other hand, neither the nature or 
localization of the band gap states contributes to the exponential conduction 
band tail nor is the origin of their distribution well understood.161 Trapping 
of electrons occurs presumably at various different defects in the bulk or sur-
face regions of the mesoporous oxide and at particle–particle interfaces. But, 
in addition, coulombic trapping as a result of local field effects, which may 
originate from the interaction of electrons with the polar TiO2 crystal or with 
cations of the electrolyte, could contribute to the observed distribution.101,164 
The population of band gap states in the semiconductor has an important 
effect on charge carrier dynamics in nanocrystalline semiconductors includ-
ing the charge transfer to acceptors.165 Zhang et al.163 recently attributed a 
slow photocurrent response observed on TiO2 nanotube arrays to the filling 
of deep traps upon UV excitation. It was shown by dynamic photocurrent 
measurements that the characteristic rise time of the photocurrent increases 
after these deep charge traps have been populated. The thermodynamic fea-
sibility of surface reduction reactions was also found to critically depend 
on the energy (redox-potential) of trapped electrons. The important role of 
surface energetics on TiO2 suspensions and thin films was demonstrated by  
Molinari et al.166 who studied the reduction of a model molecule (4-nitrobenz-
aldehyde) bearing two functional groups of different reducibility. Mimicking 
reaction conditions typical for photocatalysis (i.e. open circuit conditions) 
these authors report that while the nitro group can be reduced to the amino 
group by electrons trapped at band gap states, potentials more negative than 
the flat-band potential are necessary to reduce the aldehyde to the alcohol. 
These consecutive reduction steps were easily tracked by open circuit poten-
tial measurements and the respective results underline that chemoselective 
reduction reactions can be driven at the TiO2 surface via control over the 
energetics of the accumulated electrons.

In nanosized semiconductors that are in contact with an electrolyte solu-
tion, electrons can be accumulated not only by electrochemical polarization 
but also by collection of photogenerated charges. The accumulation of the 
negative charge is associated with charge compensation by counter ions 
from solution. This process corresponds to cation adsorption at the oxide 
surface but in principle can also lead to insertion of cations into the oxide 
bulk.82,83 An important question related to the application of electrochemical 
methods is whether the electrochemical population of unfilled states may 
influence the DOS by itself.167 This question is relevant considering the fact 
that upon shifting the Fermi level the potential dependent adsorption and/
or cation insertion into the anatase TiO2 lattice may alter the electronic struc-
ture of the solid.83,168

In some cases, negative polarization of nanocrystalline TiO2 electrodes in 
aqueous electrolytes was found to enhance the photocatalytic performance 
of the semiconductor film.81,169,170 This beneficial effect was attributed to 
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the electrochemical doping by generation of Ti3+ species and concomitant 
insertion of H+ ions81,169,170 or Li+.170 However, the extent of improvement was 
found to strongly depend on the nature of the electrode. Whereas only a tran-
sient improvement in mesoporous networks of differently sized nanoparti-
cles was observed on a time scale of minutes to days a more persistent effect 
was obtained for arrays of TiO2 nanotubes, the dense walls of which are com-
posed of a nanostructured mosaic of crystallites.171

An enhancement of the performance in dye-sensitized solar cells was 
observed after visible light soaking and attributed to the formation of shal-
low transport levels originating from photoinduced H+ insertion.172 The con-
comitantly emerging trap states are supposed to accelerate charge carrier 
transport within the nanocrystalline films without deteriorating the open 
circuit photovoltage. In addition, H+ insertion induced increase of the den-
sity of localized states as well as a broadening of their distribution has been 
claimed. Using spectro-electrochemistry Idígoras et al.79,81 found that the 
transient electron accumulation – paralleled by proton insertion – improves 
both the photo-electrocatalytic and the photovoltaic properties of nanocrys-
talline TiO2 electrodes. However, the persistence of charge accumulation 
and, consequently, the performance enhancement effect is subject to film 
morphology, where the higher persistence has been observed for electrodes 
composed of larger particles.

The reversibility of the beneficial charge accumulation prompts the ques-
tion whether electrochemical doping is a true means for permanent perfor-
mance improvement of nanostructured films in technological applications. 
Wang et al.172 quite recently highlighted the analogy of light- and potential- 
induced improvement of the thin film performance for the case of dye- 
sensitized solar cells. They put proposed that in situ doping might occur 
during operation, thus substituting a repeated external modification of the 
electrode by cathodic polarization upon achievement of the desired perfor-
mance increase. Along these lines, it was shown only recently that the occu-
pancy of electronic states in a photocatalyst film does not depend on the 
type of external perturbation, if – alternatively – an external bias voltage or 
band gap excitation at open circuit were used to set the Fermi level position 
in TiO2 based electrode.79 More importantly, it was evidenced for the water 
photo-oxidation reaction that the photocatalytic performance enhancement 
of a TiO2 electrode depends on the Fermi level position during electrochem-
ical doping, rather than being dependent on the perturbation mode, i.e. 
external polarization or photoinduced electron accumulation at open cir-
cuit. Interestingly, some studies report that proton insertion may limit the 
performance of TiO2 films,173–175 as explained by factors such as Fermi level 
pinning, recombination enhancement or increased transport limitations.

The kinetics of the doping and the reverse process of dopant elimina-
tion following photochemical78,79 or electrochemical charge accumulation80 
take place at a time scale of minutes to days. They can be conveniently 
tracked by spectroscopic and spectro-electrochemical methods, respectively, 
and actually correspond to slow charge trapping processes. Obviously, the 
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materials properties of the photocatalyst, in particular the doping level, not 
only depend on material history, i.e. on the synthesis and processing param-
eters. In addition, they are dynamic properties and may significantly change 
during operation. The concerted uptake of electrons and protons in a TiO2 
particle based thin film significantly alters the functional properties of the 
material. Clearly, knowledge of the impact of synthesis-, process- and oper-
ation-derived material properties is a prerequisite for the establishment of 
firm structure–property relationships. In addition to the design of more effi-
cient photocatalysts, proton-coupled electron transfer reactions may offer a 
rapid and quantitative mechanism in synthetic chemistry.176,177

8.7  �Summary and Outlook
Upon photoexcitation of TiO2 different materials dependent and consecutive 
processes occur in oxide semiconductors and the nature and abundance of 
functional defects are determining with respect to the trapping and chemi-
cal consumption of photogenerated electrons and holes. To test hypotheses 
about defects as trapping sites and interface specific functionalities in het-
erogeneous photocatalysis it is desirable to have a system of particles with 
narrow distributions of size, structure and morphology.12 This allows one to 
characterize the impact of various defect types – from point defects to solid–
solid interfaces – on the overall electronic, chemical and optical ensemble 
properties. In the first part of this chapter we have seen that a strong reduc-
tion in materials complexity can be achieved when one moves from a particle 
with photocatalytic activity that operates in an aqueous continuous phase to a 
TiO2 particle with essentially dehydroxylated and better defined surfaces and  
interfaces. This reduction in the complexity of materials parameters and, in 
particular, the increased availability of information about the surface and 
interface properties open the way for an unambiguous defect assignment, 
i.e. the establishment of firm links between specific spectroscopic finger-
prints, on the one hand, and defects and/or functional local structures at the 
particle interface on the other. This is particularly true for sites which trap 
photogenerated charges and which have received increased attention from 
experimentalists and theorists performing ab initio calculations.

Time-dependent spectroscopy in conjunction with photoexcitation stud-
ies on semiconducting metal oxide particle systems can reveal important 
insights into trapping of photogenerated charges at solid–gas interfaces. For 
TiO2 powders we introduced and discussed the most characteristic paramag-
netic and optical fingerprints that have been identified for trapped charges 
and also included hydrogen impurities and associated defect states in this 
review. In some cases, the abundance and spectroscopic characteristics of 
trapping states do not depend on the gross morphology of the particle or the 
microstructure of the entire particle ensemble. On the other hand, we have 
also shown examples of microstructural transformations which can easily 
occur in the course of nanomaterials processing: mesoporous nanoparticle 
networks can emerge from solvent-mediated nanoparticle aggregation or 
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from the calcination of nanoparticles which previously were grown in solu-
tion. In both cases, newly formed solid–solid interfaces may give rise to very 
different defect related property changes, such as the enhanced recombina-
tion of photogenerated charges in semiconducting oxides.15,16,140

Slow charge trapping studies can track the concentration build-up of 
trapped charges with different extremely sensitive spectroscopies like EPR 
and photoluminescence in the time range between minutes and hours. This 
concentration build up results from the complex reaction network involv-
ing several electronic transitions that are completed within nanoseconds. 
Although most of these processes are investigated under experimental con-
ditions that are far from those typically employed in photocatalysis, i.e. at 
cryogenic temperatures and in pure gas atmospheres, the obtained insights 
provide important information about the intrinsic particle properties, such 
as the beneficial or detrimental effect of dopants,178 the impact of morphol-
ogy and microstructure7,141 and various processes inside the solid which can 
be studied in the absence of rate limiting mass transfer and adsorption pro-
cesses at the interface. Such understanding is critical when one considers 
that photocatalytic particles in engineered settings, either as aqueous dis-
persions or deposited on substrates, are always subject to impurities as well 
as to the operation induced alteration of microstructures, i.e. size changes 
of aggregates upon changes of nature and strength of interparticle forces. 
Moreover, the exploration of slow charge trapping processes enables the sep-
arate characterization of adsorbed donor and acceptor species. Thus, the 
question of whether conclusions from photoexcitation studies, which have 
been carried out on model materials of reduced compositional and struc-
tural complexity, can be general enough to be linked to working catalysts in 
a relevant way can definitely be answered positively.

Upon contact of dry particle systems into liquid dispersing agents and 
their transformation into colloidal systems solid–gas interfaces are replaced 
by solid–liquid interfaces and the materials situation gains substantially 
in complexity. However, for TiO2 particles dispersed in electrolyte solution 
photo-electrochemistry comes into play and – in addition to its potential 
to quantify transferred charges – also provides important insights into the 
redistribution of electrons, holes and protons inside an immobilized TiO2 
nanoparticle system.151 In the past few decades great advances have been 
made in the development of novel TiO2 based nanostructures of controlled 
size, shape and interface properties as model systems that are amenable to 
different surface and interface spectroscopies119 in combination with photo-
electrochemical techniques.151 As demonstrated by interdisciplinary efforts 
in the field of TiO2 photocatalysis, cooperation between surface science, 
modeling and materials science on particulate matter is key to the knowl-
edge-based development of semiconducting oxides for photochemical appli-
cations. Related methodological advances must be transferable to other 
inorganic semiconductor nanostructures of comparable robustness, with 
controllable concentrations of functional defects and substantially improved 
photo-electronic and surface properties.4
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