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Preface 

vii

Heterogeneous Photocatalysis has gained great attention from the scientific community 

during the last decades. Mild operating conditions and the potential utilization of 

sunlight as a green energy source are two of the main advantages that make this 

advanced oxidation process an open and very active research line. Applications 

range from new energy vectors production, to environmental remediation as well as 

the selective synthesis of chemicals. According to the IUPAC in the “Glossary of 

terms used in photochemistry, Pure and Applied Chemistry, 79, 2007, 293-465” a 

photocatalytic reaction is defined as a change in the rate of a chemical reaction or its 

initiation under the action of ultraviolet, visible or infrared radiation in the presence 

of a substance, the photocatalyst, that absorbs light and is involved in the chemical 

transformation of the reaction partners”. The definition describes a relatively complex 

phenomenon where many parameters must be controlled for an efficient control of 

the photoreactions.  

This topical collection provides an updated overview of relevant photocatalytic 

topics such as novel synthetic protocols of photoactive materials, advanced approaches 

for its characterization, critical reviews of traditional applications and modelling of 

the light-matter interaction. The collection starts with relevant contributions associated 

with novel synthetic protocols in which good control of the chemical, structural, 

morphologic and optical properties are achieved. Opportunities of waste-derived 

materials and mechanochemical- and ultrasound-assisted protocols to produce 

advanced-photocatalytic are presented in contributions 1 to 3. Contribution 4 has 

focused on ferrite nanomaterials, including magnetically separable materials, and 

their application for solar fuels processes. Characterization of photocatalysts is 

shown as a relevant task to understand and optimize the behaviour of the samples. 

In this regard, contribution 5 covers an analysis of traditional and advanced-

characterization approaches. Operando and spectro-kinetic methodologies are 

reviewed as they would render valuable and trusting results. Two photocatalytic 

applications have been analyzed in contributions 6 and 7. Photoproduction of H2 via 

formic acid decomposition and wastewater treatments respectively, both with a critical 
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perspective. Finally, contribution 8 provides a photocatalytic engineering approach. 

Different setup configurations and employed numerical methods to calculate the 

photon absorption rate are analyzed.  

As described throughout the collection, Heterogeneous Catalysis technology has 

achieved relevant results at laboratory scale. The future will also bring new ways to 

integrate lab and industry results to scale-up the use of sustainable photocatalytic 

materials and processes. We hope that the emerging ideas summarized in this collection 

may inspire the scientific community for the development of more efficient 

photocatalytic schemes. We finally would like to thank the editorial staff of Topics 

in Current Chemistry and the editorial board for the support and help assembling 

this collection. 

      
Mario J. Muñoz-Batista 
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Abstract
Waste-derived materials have been gaining increased attention in recent years due 
to their great potential and environmentally friendly nature. Several contributions 
in the literature have covered the advances achieved so far in this area. Nonetheless, 
to the best of our knowledge, no review has been dedicated specifically to waste-
derived or templated photocatalytic materials. Both photocatalysis and (bio)waste-
inspired design yield materials of a remarkably green nature. Therefore, the part-
nership between them may open promising possibilities for both waste valorization 
and photocatalytic processes, which in turn will lead to sustainable development 
globally, with the potential for full utilization of renewable energy sources such as 
biomass and sunlight. Several photocatalytic waste-derived materials, synthetic pro-
cedures, and applications will be described throughout this work, including waste-
derived/templated  TiO2, ZnO, and metal sulfide materials. Special attention will be 
given to biomass-inspired carbonaceous materials, including carbon quantum dots 
and graphitic carbon nitride (g-C3N4).

Keywords Photocatalysis · Nanomaterials · Waste · Valorization · Biomass · Green 
chemistry
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1 Introduction

As defined in Green Chemistry: Theory and Practice by Anastas and Warner, 
catalysis is one of the 12 design principles of green chemistry [1]. Sheldon et  al. 
highlight the paradigm shift in the concept of reaction efficiency, from one that is 
focused on chemical yield, to one that assigns value to the minimization of waste 
[2]. In addition, several concepts must be considered in effecting an efficient green 
catalytic process. The energy consumed in a reaction and the sustainable character 
of the catalytic materials are both usually analyzed as relevant issues [3].

Heterogeneous photocatalysis is a type of catalysis which refers to chemical 
processes catalyzed by a solid where the external energy is ultraviolet, visible, or 
infrared radiation. [4–14] It is a complex phenomenon but is typically schemati-
cally represented by the process described in the center of Fig. 1. As can be seen, 
the photoexcited sample generates electrons and holes. Electrons and holes may 
initiate a reductive and an oxidative reaction pathway, respectively. In addition, the 

Fig. 1  Schematic representation of the potential applications of waste for the design of photocatalytic 
materials

Reprinted from the journal2
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recombination of electrons and holes and the resulting loss of energy during the pro-
cess typically reduce the photoactivity of the sample. The electrons and holes gen-
erated can initiate a wide range of reactions in both gas and liquid media, which 
include the production of energy vectors  (CO2 reduction, water splitting, alcohol 
conversion) [15–22], selective organic synthesis of high-value products [14, 23–29], 
and elimination/degradation of undesired chemicals [4, 30–37] and microbial patho-
gens in air and water [38–42]. Obviously, the final efficiency of the process depends 
on the semiconductor used. In this regard,  TiO2-based materials are the most widely 
used photocatalysts, as described in numerous reports in the literature [5, 7, 9, 
43–45], although ZnO- and g-C3N4-based materials and many others have shown 
outstanding results in a variety of photocatalytic applications [46–52].

This contribution focuses on waste-derived materials which have been employed 
or can be considered as a potentially attractive option for photocatalytic reactions. 
Throughout the manuscript, two main concepts are exploited: the reuse of waste as a 
source of components (e.g. titanium, zinc, sulfur, carbon) for the photocatalyst, and 
the valorization of waste for use in as catalyst in the synthetic protocol (e.g. sacrifi-
cial templates). Figure 1 presents a schematic illustration of all the possibilities that 
different types of waste, including orange peel, rice husk, spent coffee grounds, and 
lignocellulosic and electronic residues, to name just a few, can offer for the design 
of highly sustainable materials. In addition, the optoelectronic, morphological, and 
textural properties can be tuned by employing these residues using various synthetic 
strategies, with the ultimate goal of obtaining efficient photocatalytic materials. The 
concept of waste transformation in photocatalytic applications is itself highly eco-
friendly, and the use of green methodologies and alternative sustainable technolo-
gies will be considered as well and highlighted in the following sections.

2  TiO2‑based Materials: Ti from Waste

As mentioned above,  TiO2 is by far the most commonly used photocatalyst, show-
ing competitive results in a wide range of photocatalytic applications. Pure  TiO2 and 
 TiO2-based samples have both been widely studied from a photocatalytic, chemical, 
morphological, and optical point of view [7, 9, 43, 44]. In fact, some authors high-
light  TiO2 as the most extensively studied transition-metal oxide material [44].

Titanium and Ti-related materials have found application in many areas, from 
aerospace, marine, and automobile industries, to chemical plant materials, medical 
equipment, buildings, and several consumer products (spectacle frames, golf clubs, 
etc.) [53]. As is common, during the production of the final product, Ti-containing 
waste is usually generated. Indeed, there are numerous opportunities for the recovery 
of Ti and Ti-related compounds in Ti smelting and Kroll processes [53]. One area in 
which researchers have focused is on the reuse-extraction of Ti or Ti-containing slag 
[54]. As described by Liu et al., approximately 53% of the Ti is carried through pro-
cessing into iron-rich concentrations for feeding blast furnaces. The slag generated 
contains up to 25% of  TiO2. Given that it is produced at a rate of three million tons 
per year, this is a clear opportunity for the production of a cheap photocatalyst [55]. 
Extraction, however, has many limitations. From an environmental point of view, 

3Reprinted from the journal
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the extensive use of acids for the leaching recovery process is still a problem. None-
theless, acid leaching processes have shown high efficiency during Ti recovery [55].

The extensive use of selective catalytic reduction (SCR) systems has generated 
large amounts of spent/waste SCR catalysts. The generation of this type of waste 
will continue and will be vital in the coming years with the implementation of the 
Euro 6 diesel emission standards. Elemental concentrations in spent SCR catalysts 
are not a constant variable; however, considerable concentrations of heavy metals 
such as  Ti4+,  V5+,  Fe3+,  W6+ and  Ca2+ have been common [56]. As a representative 
example, an economical approach for recovering titanium and regenerating  TiO2 
photocatalysts from spent SCR catalysts has been reported. Elemental analysis of 
the SCR catalyst waste carried out by total reflection X-ray fluorescence identified 
a remarkably high concentration of  TiO2 (68.5 wt%), while other major compounds, 
namely  SiO2,  SO3,  Al2O3, and  WO3, showed concentrations of 10.3, 6.45, 5.47, and 
4.67 wt%, respectively. Minor components (below 2 wt%) including  Fe2O3 CaO, 
 V2O5,  K2O,  Na2O, MgO,  P2O5,  Nb2O5,  ZrO2,  As2O3, and SrO were also measured. 
The high  TiO2 concentration in the waste-catalysts makes them especially interest-
ing for recovery of  TiO2 species. In addition, some of the minor entities  (Fe2O3, 
 V2O5,  Nb2O5,  ZrO2) have shown a beneficial photocatalytic response by modifica-
tion of the optical and electronic properties of the titania counterpart [5, 6]. The pro-
posed titanium recovery scheme and the further production of  TiO2 is described in 
Fig. 2a. As can be seen, the protocols followed three general steps: (1) NaOH molten 
salt decomposition, (2) water leaching to separate  Na2TiO3 and NaOH recycling, 
and (3) hydrothermal reaction to regenerate titania. During the leaching process, two 
treatments (1.0 mol/L HCl or 0.5 mol/L  H2SO4) were used, and hence two samples 
A and B were obtained. The morphology of the samples differed considerably, with 
sample A presenting spherical nanoparticles, while sample B exhibited numerous 
rod-shaped structures (Fig. 2b, c). Interestingly, both samples presented iron entities 
in the structure, which was confirmed by energy-dispersive X-ray (EDX) mapping 
data (Fig. 2b, c) and X-ray photoelectron spectroscopy (XPS) analysis (not shown). 
Such a small concentration of iron, which according to XPS data was present as 
 Fe2O3, would confer enhanced absorption of visible irradiation. Degradation of rho-
damine B (RhB) and methylene blue (MB) were used to demonstrate the photocata-
lytic properties of samples A and B under visible illumination conditions. Sample A 
showed better photocatalytic performance with both dyes, outperforming the activ-
ity of P25 commercial  TiO2 references (Fig. 2d, e) [56].

An important limitation of waste-derived photocatalysts is that in many exam-
ples, an uncontrolled structure is obtained [3]. In fact, the poor reproducibility of 
the synthesis is one of the main drawbacks of waste-derived materials. Such a situ-
ation is especially important in photocatalytic materials when minor compositional 
variations drive very different catalytic results [57]. However, if the waste source 

Fig. 2  a Schematic representation of titanium recovery from spent SCR materials. b, c Scanning electron 
microscopy (SEM) and EDX mapping analysis. d, e RhB and MB photodegradation results [56]. f, g 
XPS and TGA analysis of produced waste anodic electrolyte. h Scheme of the extraction of the waste 
anodic electrolyte. i, j Photocatalytic degradation of HAs by  TiO2 and UV irradiation. k, l Photocatalytic 
degradation of bentazone by N-doped  TiO2 under visible irradiation [58]

▸

4 Reprinted from the journal
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is structurally well defined, fine control at a nanometer level can be achieved. This 
is the case of previously reported work in which  TiO2 anatase nanocrystals with 
exposed {001} facets were effectively prepared by recycling the waste anodic elec-
trolyte containing ethylene glycol [58]. Figure 2 shows the extraction (h) and anal-
ysis (f, g) of the waste anodic electrolyte produced from the anodization process. 
The electrolyte was later subjected to a calcination process from which the crys-
tal size of the particles and the percentage of exposed {001} facets were relatively 
easily adjusted over a wide range after cooling to room temperature. The anatase 
 TiO2 and N-doped  TiO2  (TiO2–xNx) exhibited higher photocatalytic activity than 
the P25  TiO2 commercial sample for humic acid (HA) and bentazone degradation 
(Fig.  2i–k). Recyclability tests also indicated potential reusability of the obtained 
photocatalysts [58].

3  ZnO‑based Materials: Zn from Waste

ZnO has been proposed as an alternative photocatalyst to  TiO2, as it possesses simi-
lar band gap energy but exhibits higher absorption efficiency under sunlight irradia-
tion than  TiO2 [59]. Galvanizing plants produce a significant amount of Zn-contain-
ing waste, which constitutes an interesting opportunity to produce cheap ZnO-based 
materials. In a representative work, ZnO nanoparticles obtained from Zn dust waste 
from a hot-dip galvanizing plant were used as a photocatalytic material for MB. The 
study analyzed the influence of precipitation pH level and amount of hydroxypropyl 
cellulose added during the hydrothermal process on sample morphology and pho-
tocatalytic response. ZnO nanorods of different sizes were synthesized, obtaining 
optimal activity at pH = 12 and 0.10% (w/v) of hydroxypropyl cellulose [60]. As 
expected, agglomeration of the structure and reduced superficial area were gener-
ally found to lead to worse photocatalytic activity. In fact, the real illuminated area, 
which was associated with the total superficial area, was shown to be one of the most 
important parameters for obtaining outstanding quantum efficiency results [61]. A 
Zn dust-derived material with very large surface area was recently reported [62]. 
The proposed synthetic approach includes the valorization of polyethylene tereph-
thalate (PET) bottle waste to produce a 3D mesoporous carbon (graphite) nanocom-
posite using a simple thermal decomposition method. As presented in Fig. 3a, b, the 
carbon structure exhibited a nanosheet appearance, while ZnO particles appeared 
with relatively good dispersion on the carbonaceous surface. Figure 3c shows the 
degradation efficiency of MB, with the C/C0 ratio as a function of irradiation time 
in the presence of samples PET 700, PETZ 0.1, PETZ 0.5, PETZ 0.75, and PETZ 
1.0 (denoting the reference sample obtained in the absence of Zn dust and samples 
obtained using 10 g of plastic and 0.1, 0.5, 0.75, and 1 g of Zn dust, respectively). 
The waste-derived nanocomposites exhibited superior photocatalytic activity for 
the degradation of organic dyes (MB and malachite green) under UV illumination. 
Composites obtained by upcycling of plastic/metal mixed waste could represent an 
attractive opportunity in photocatalysis since, as the authors noted, plastic and metal 
waste exist together in several industries, for example in electronic waste, medical 
waste, batteries, and accumulators [62]. Another interesting contribution that can be 
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highlighted involved the preparation of a ZnO/diatomite hybrid photocatalyst. Pre-
cursors of the obtained materials came from industrial waste. Zn dust waste from 
a hot-dip galvanizing process was used as ZnO precursor, while diatomite waste 
derived from breweries was used as porous substrate (Fig. 3a). In a typical exper-
iment, a Zn salt solution was prepared by dissolving the Zn dust in a nitric acid 
solution. The final ZnO/diatomite was prepared by a simple impregnation method 
followed by calcination treatment at 400–700  °C. The sample codes (see XRD in 
Fig. 3g) were ZD-1, ZD-2, ZD-3, and ZD-4 for diatomite loaded with 10, 20, 30, 
and 40% of the oxide semiconductor, respectively. A clear decrease in BET surface 
area was observed with an increase in the amount of ZnO, which was attributed to 
pore blocking due to the incorporation of ZnO particles in the porous support [63]. 
The highest efficiency for degradation of the MB solution was obtained using the 
ZD-2 sample photocatalyst loaded with 20 wt% ZnO (Fig. 3h).

4  Sulfide‑based Materials: S from Waste

Sulfides have also been proposed as suitable photocatalysts in several reactions [5]. 
In particular, transition-metal sulfides such as CdS or ZnS have been documented 
as photocatalysts. Additionally,  Cu2S, CdS,  In2S3,  WS2, and  MoS2, as well as more 
complex structures such as  ZnIn2S4,  CdIn2S4, and  CdLa2S ternary systems, have 
shown a photocatalytic response [64]. Like those previously described for oxide 
materials, there are several options for metallic waste valorization during the syn-
thesis of sulfides. However, unlike metallic oxide, in which the final production of 
the oxide can be easily achieved by calcination in air, a sulfur source is necessary to 
produce the corresponding sulfides. The extraction of S-containing mining residues 

Fig. 3  a, b Transmission electron microscopy (TEM) images of PETZ 1.0 and photodegradation of MB 
using the synthesized samples [62]. d–f Scanning electron microscopy (SEM) images of ZD-1, ZD-3, 
and ZD-4 samples. X-ray diffraction (XRD) spectra of ZD-X samples and ZnO reference sample. h Pho-
todegradation results for samples and references [63]

7Reprinted from the journal
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may represent an important source of waste-derived sulfur. Physical–mechanical 
separation by flotation, chemical modification by sulfide addition, and extraction 
via supercritical  H2O or  CO2 are some of the most common processes for removing 
this element from the residue [65]. However, further purification steps must be opti-
mized to be able to consider the obtained materials suitable for producing sulfide 
catalysts. A very interesting case is the use of waste pig bristles as S (and C) source 
for the production of metallic sulfides, considering that 225,000 tons are produced 
per year [66, 67]. Figure 4a, b presents some results for microwave-assisted valori-
zation of pig bristles to produce  Cu2S, employed in the photodegradation of methyl 
red under light-emitting diode (LED) irradiation conditions. Figure  4a shows the 
X-ray diffraction (XRD) patterns for three samples which were prepared by vary-
ing the amount of sodium hydroxide (employed to accelerate the degradation of pig 
bristles) during microwave-assisted synthesis [67]. The coral-like homogeneous 
 Cu2O structure obtained showed activity under all experimental conditions tested. 
The study was performed with an LED lamp (6A) of 465 nm (blue), 515 nm (green), 
and 630 nm (red), as well as white light (as simultaneous illumination of the three 
LEDs). As shown in Fig. 4b, a higher degradation of methyl red was obtained using 
white illumination conditions, which outperformed the photocatalytic response of 
the P25 titania reference [67]. The authors expanded the idea of using pig bristles 
as raw materials for the synthesis of two additional compounds, ZnS and Ag/Ag2S, 
as recently reported, both with potential photocatalytic applications [66, 68]. As a 
representative example, Fig. 4c shows the XPS analysis of a series of ZnS materials. 
The Zn and S XPS regions confirmed the presence of the ZnS structure, while some 
differences were recorded in the C1s XPS region. XPS deconvolution analysis indi-
cated that a strong interaction could occur between C and Zn which must be consid-
ered during the production of this type of material [68].

5  Carbon Quantum Dots: Biomass‑derived

Carbon quantum dots (CQDs) have gained increasing attention in recent years as an 
attractive alternative to other types of multicolor emissive materials such as quan-
tum dots (QDs). QDs possess inherent disadvantages associated mainly with their 
high toxicity, while CQDs have been well recognized for their low/nontoxic char-
acteristics and biocompatible features, being good candidates for use for in  vivo 
applications including cell imaging, drug delivery, visible light bactericidal activity, 
and chemical sensing. In addition to biological applications, the use of CQDs as 
photocatalytic materials for pollutant degradation, solar devices, and in photo/elec-
trochemical water splitting has steadily increased, taking advantage of their high sol-
ubility and aqueous affinity, chemical/photo and colloidal stability, notable optical 

Fig. 4  a X-ray diffraction spectra of  Cu2S samples prepared using pig bristles as S and C source [67]. b 
Photodegradation results of methyl red using synthesized samples and P25 reference. c XPS deconvolu-
tion analysis of C, Zn, and O elements [68]

▸
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properties, photobleaching resistance, low cost, low toxicity, and good possibilities 
for functionalization [69].

The cost-effectiveness of CQDs is an additional factor promoting their study and 
application. CQDs derived from biomass possess a particularly low-cost and out-
standing eco-friendly character. Following a top-down strategy, biomass-derived 
CQDs have been synthesized using several protocols including hydrothermal and 
electrochemical oxidation, acidic hydrolysis, and microwave-assisted treatments 
[70]. Several biomass sources have been employed for the preparation of CQDs, 
including fruit peels, whey from dairy waste, spent coffee grounds, residues from 
the pulp and paper industry, and cigarette filters, but citric acid is currently the 
most common starting material used to obtain highly luminescent CDs, usually in 

Fig. 5  a Schematic representation of citrus limetta organic waste-recycled carbon nanolights for photo/
electrocatalytic, sensing, and biomedical applications. b Mechanism of photo-electrochemical water 
splitting with GCD (carbon quantum dots)/TNF  (TiO2 nanofiber) electrodes. c Representative images of 
MB dyes collected at different time intervals [75]

10 Reprinted from the journal



1 3

Topics in Current Chemistry (2020) 378:3  

combination with nitrogen-containing dopants. Several examples of the use of bio-
mass residues for the preparation of CQDs will be described in this section [71–74].

For instance, citrus limetta waste pulp was treated using a one-step pyrolysis 
method to prepare CQDs with interesting optoelectronic features. This carbon-based 
nanomaterial was demonstrated to be highly versatile, since it was successfully 
employed for photo-electrochemical water splitting and photocatalytic MB degrada-
tion, along with bioimaging, iron ion sensing, and bactericidal activity (Fig. 5a–c) 
[75]. The photo-electrochemical performance of the prepared CQDs displayed 
encouraging results, with an efficient current density of ~6 mA/cm2 for water split-
ting (Fig. 5b).

Another example of the use of CQDs as photocatalysts was reported by Reisner 
et al., who highlighted the influence of different amorphous and graphite-like CQDs 
on photoinduced hydrogen production [76]. The various CQDs were used as pho-
tosensitizers to activate a nickel catalytic redox mediator via photoinduced electron 
transfer. Although improved hydrogen evolution was observed when using graphitic 
nitrogen-doped CQDs, a complete and precise rationalization of the effects of the 
CQD morphology and dopant on the photocatalytic performance and light-harvest-
ing properties cannot be drawn, because different carbon sources were used (citric 
acid for non-doped CQDs and aspartic acid for the N-doped CQDs), and only gra-
phitic CQDs were tested [77].

Prato et al. recently prepared a family of photoredox N-doped CQDs, revealing 
their potential applicability as photocatalysts due to their tunable oxidation/reduction 
potential. However, further efforts are still needed in order to expand the knowledge 
about the proper design of photoredox-active CQDs, considering synthetic methods, 
carbon sources, and possible dopants [78]. In this regard, the size, degree of carbon-
ization, and morphology of CQDs could be controlled by the synthetic strategy. For 
instance, hydrothermal approaches generally give rise to incomplete carbonization 
and therefore to the presence of molecular fluorophores and amorphous CQDs. In 
turn, pyrolytic conditions lead to CQDs with a predominantly graphitic core struc-
ture. However, the optical properties and photoredox activity are still difficult to pre-
dict. In particular, the emission type and intensity of CQDs are attributed mainly to 
the cooperative effects between the molecular fluorophores embedded in both the 
nanoparticles and the defect states, and the graphitic cores [79].

Of note, Peroza et al. reported the synthesis of CQDs using two different prepa-
ration methods, namely hydrothermal and pyrolytic techniques, and using (1) cit-
ric acid and (2) citric acid doped with diethylenetriamine [80]. The hydrothermal 
approach gave rise to amorphous CQDs that were either (1) non-doped (a-CDs) or 
(2) nitrogen-doped (a-N-CDs). The pyrolytic protocol resulted in the formation of 
graphitic CQDs, which were (1) non-doped (g-CDs) or (2) nitrogen-doped (g-N-
CDs) (Fig.  6a, b). These nanomaterials showed an excitation-dependent emission 
band, with a maximum between 420 and 500  nm (Fig.  6c–f). The photocatalytic 
activity of the CQDs was investigated for the photoreduction reaction of methyl 
viologen (MV) in the absence of redox mediators.

A hydrothermal carbonization method has also been reported as a sustainable and 
green option for the preparation of carbon particles in an aqueous medium from a 
readily available biomass residue, namely orange peel (Fig. 7a–c). Remarkably, the 
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Fig. 6  Reaction kinetics of the formation of  MV.+ using a a,g-CDs and b a,g-N-CDs. Contour plot of the 
emission map at different excitation wavelengths of c a-CDs, d g-CDs, e a-N-CDs, and f g-N-CDs. The 
intensity scale goes from dark violet to red, passing through blue, green, and yellow [80]

Fig. 7  a Formation of carbon dots (C-dots) from the hydrothermal treatment of orange waste peels. b 
Transmission electron microscopy (TEM) image of C-dots from orange waste peels. c UV–visible 
absorption spectrum of C-dots; inset, under daylight. d Schematic illustration of the photocatalytic pro-
cess on C-dots/ZnO [81]
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resulting CQDs were soluble in water to form a stable solution for months with-
out precipitation. A composite material based on the prepared CQDs and ZnO was 
employed as photocatalyst for degradation of naphthol blue-black azo dye under UV 
irradiation (Fig. 7d), with outstanding results [81].

Other types of biomass waste, such as rice husk (RH) and waste residues from 
the pulp and paper industry (WPP), have also been reported for the preparation 
of CQDs, with potential applications in photocatalysis (Fig. 8a). In particular, the 
employment of RH for preparation of CQDs gave rise to two types of luminescent 
centers, size/edge-induced intrinsic state and vacancy/functional group-associated 
defect state. Remarkably, full valorization of RH residues was accomplished dur-
ing the synthetic process, since the silica content in RHs can be simultaneously 
employed to synthesize mesoporous silica nanoparticles, thus presenting enormous 
economic and environmental benefits [82]. Moreover, catalysis represents an inno-
vative option for the synthesis of CQDs. In this sense, a microwave-assisted treat-
ment using a solid acid catalyst has been reported for the valorization of waste from 
the paper industry toward CQDs with promising fluorescence properties (Fig. 8b) 
[83].

Another interesting example in this respect was offered by Sun et al., using egg 
yolk to develop fluorescent nitrogen-doped CQDs (N-CQDs) with relatively high 
quantum yield. Because of their high protein content, eggs can act as both carbon 
and nitrogen source. Figure 9a shows the synthetic procedure for the N-CQD prepa-
ration, with a relatively high quantum yield of ~35% (Fig. 9b–e). The fluorescence 
properties of the prepared N-CQDs were investigated in depth, revealing wave-
length-dependent emission and a notably long life [84].

Large-scale synthesis of CQDs has also been investigated using several biomass-
derived carbons including hydrochar and carbonized biomass via mild oxidation 
(NaOH/H2O2 solution). Under these conditions, CQDs were obtained at an out-
standing yield of 76.9 wt%, which is much higher than that obtained by traditional 
hydrothermal and strong acid oxidation processes. The as-synthesized CQDs also 
presented excellent quantum yield (QY). In this case, the CQDs exhibited a uniform 

Fig. 8  a RH residues used for the synthesis of CQDs and mesoporous silica nanoparticles [82]. b Sche-
matic representation of the microwave-assisted conversion of WPP to CQDs [83]
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size (ca. 2.4 nm), and it was possible to regulate their surface states to significantly 
improve the QY by adjusting the concentration of oxidants [85].

Fig. 9  a Sustainable and green one-arrow/two-hawks strategy for the preparation of nitrogen-doped car-
bon materials from egg yolk. b, c UV–Vis absorption and PL spectra of fresh CQDs and after 6 months 
under different excitation wavelengths. d, e Fluorescence decay profile of as-synthesized CQDs and 
CQDs after 6 months [84]
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6  Biomass‑templated Materials

The template method is an effective and simple strategy for obtaining nanostruc-
tures with different morphologies and large surface areas. Most of the reported 
approaches in this sense consist of two steps: first, the desired materials or precur-
sors assemble around the surface of a template via chemical or physical adherence 
to form transitional composites, and then the templates are selectively removed from 
the composite structures. If the template is fully converted to the desired material, it 
is called a sacrificial template.

A wide range of composite materials have been synthesized through biomass 
valorization [3, 86]. Biomass waste can represent an alternative to the typical car-
bonaceous materials, resulting in both cheaper and more effective catalytic sys-
tems with tunable properties. From an environmental point of view, and follow-
ing the same ideas described in previous sections, it is especially interesting to 
search for new materials that both enable optimization of photo(catalytic) proper-
ties and reuse of waste, and allow the use of environmentally friendly synthetic 
procedures. These two concepts have been applied to obtain materials that show 
high efficiency in photocatalytic reactions under solar irradiation or under effi-
cient illumination sources, facilitating the development of industrial applications 
of photocatalysis as a green technology.

The sacrificial template method has also been used to design photocatalytic 
materials. In this way, it is possible to synthesize multiple photocatalysts with 
adequate morphological and desired optical and electronic properties [87]. One 
study reported that ZnO with a controlled morphology was obtained by solid-
state grinding of a zinc precursor [Zn(NO3)2] with polysaccharides including a 
biomass-derived agar extracted from macroalgae [88]. The obtained materials 
showed promising photocatalytic phenol photodegradation activity similar to 
commercial P25 titania.

In another work, a sacrificial template method was employed in a novel dou-
ble-soaking sol–gel route for the synthesis of  TiO2 microtubes utilizing seed 

Fig. 10  Schematic representation of the preparation of  TiO2 microtubes through a double-soaking sol–
gel route [89]
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fibers from Platanus acerifolia as bio-templates. Seed fibers without any pretreat-
ment were sequentially soaked in tetrabutyl titanate (TBT) and distilled water. 
The natural moisture in the waste seed fibers played an important role in the two-
step hydrolysis of titanium salt. The obtained titanium fiber hybrid (TFH) was 
dried and calcined to remove the fiber bio-templates to obtain  TiO2 microtubes 
(Fig.  10). The prepared  TiO2 microtubes displayed outstanding photocatalytic 
performance in the degradation of tetracycline hydrochloride under visible light 
irradiation. This result was attributed to their high specific surface area and exten-
sion of the absorption spectrum to the visible light region [89].

In addition, mesoporous  TiO2 was synthesized by hydrolysis precipitation fol-
lowed by a calcination step using a bio-renewable resource of lignin as a template 
and  TiCl4 as a reactant (Fig.  11a). Because of the presence of lignin function-
alities and the interactions between its hydroxyl group and the surface hydroxyl 
groups of the  TiO2 precursor, the calcined samples attained finer crystallite size 
and mesoporous structure. After calcination at 500 °C, the obtained mesoporous 
 TiO2 exhibited high activity under UV irradiation for phenol degradation (97.9%) 
during 120 min of reaction [90].

Similarly, the use of lignin was reported to give rise to a novel lignin-based car-
bon/ZnO (LC/ZnO) hybrid composite, with excellent photocatalytic performance, 
via a convenient and environmentally friendly method (Fig. 11b) [91]. The photo-
catalytic activity of LC/ZnO was much higher than that of pure ZnO. The LC/ZnO 
hybrid composite showed different photocatalytic mechanisms for degradation of 
negative methyl orange (MO) and positive rhodamine B (RhB). The lignin-based 

Fig. 11  a Formation mechanism of mesoporous  TiO2 with lignin as a template [90]. b Photocatalytic 
mechanism for the degradation of MO (left) and RhB (right) over the LC–ZnO composite [91]
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carbon modified the surface of ZnO, generating a large number of oxygen vacancies, 
and hence LC/ZnO was found to be positively charged. RhB, positively charged in 
water, was consequently firmly adsorbed on the surface of the lignin-based carbon 
due to the electrostatic adsorption between the positive and negative charges. Such 
electrostatic interaction hindered the movement of positive RhB toward the surface 
of ZnO, where it would be degraded. In turn, MO, negatively charged in water, did 
not interact with the lignin-based carbon, easily passing to the surface of ZnO to be 
directly degraded. The reported photocatalyst with selective degradation of positive 
and negative organic dyes may have great application prospects for photoelectric 
conversion and catalysis [91].

In another instance, Kurungot et al. described an interesting method, employ-
ing silica as template, for the valorization of coffee bean waste (CBW) toward 
the formation of nitrogen-doped porous carbon (p-Cof) with both photocatalytic 
and electrocatalytic properties (Fig.  12a) [92]. The p-Cof material displayed 

Fig. 12  a Schematic representation of the preparation of porous nitrogen-doped carbon from coffee bean 
waste (CBW) using the silica-templating approach. b Comparison of the amount of hydrogen produced 
on p-Cof under visible light and solar light irradiation [92]

Fig. 13  Schematic representation of the synthetic protocol for Pt-TiO2 material [93]
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outstanding morphological features, with the presence of assemblies of highly 
porous flat carbon blocks (surface area: 1213  m2  g−1). In addition, the p-Cof sur-
face exhibited graphitic and pyridone-type nitrogen coordination, resulting in a 
multifunctional and versatile catalyst for photocatalytic hydrogen production 
(PHP) and electrocatalytic oxygen reduction reactions. The photocatalytic perfor-
mance of p-Cof gave rise to 334 μmol h−1  g−1 and 575 μmol h−1  g−1 of hydrogen 
from water splitting under visible light and solar light irradiation, respectively 
(Fig. 12b).

In addition to the previously described example of egg valorization toward 
the formation of CQDs, egg white from expired eggs was employed as a tem-
plate in the synthesis of titania with enhanced morphological properties (Fig. 13) 
[93]. The use of egg white as template led to an increase in surface area from 
10 to 139 m2  g−1 as compared with the material prepared in the absence of the 
residue. Remarkably, the synthetic process was carried out using a solvent-free 
mechanochemical-assisted strategy. Such composite material could be potentially 
employed for photocatalysis.

7  Other Examples: Waste‑derived Materials

Graphite-like carbon nitride (g-C3N4) has recently emerged as one of the most 
widely studied materials, both as a single phase and as part of a photocatalyst. 
g-C3N4 can be obtained by thermal treatment of nitrogen-rich precursors. Urea, 
thiourea, melamine, cyanamide, and dicyandiamide are some of the common 
starting materials. The production of g-C3N4 from urea is a good opportunity for 
waste (e.g. agricultural waste) valorization to move toward a circular economy 
[94]. Nevertheless, in many examples, the photocatalytic efficiency of the pure 
g-C3N4 is limited by the high recombination rate of its photo-generated elec-
tron–hole pairs [49, 51]. Combination with metal-containing materials provides 
a feasible route toward improving the photocatalytic response of g-C3N4. Along 
these lines, a very recent report describes the valorization of waste toner powder 
enriched with organic residues and magnetic  Fe3O4 to produce a g-C3N4–Fe2O3 
photocatalyst through a facile one-step calcination process [95]. The toner pow-
der was first calcinated at 600  °C to produce the  Fe2O3 structure and then sub-
jected to a second calcination treatment in the presence of thiourea (450  °C in 
a muffle furnace for 2 h). Figure 14a shows a high-resolution transmission elec-
tron microcopy (HR-TEM) image of the pure  Fe2O3 toner-derived material in 
which the (110) plane of α-Fe2O3 can be identified. A similar result was derived 
from microscopy analysis of the g-C3N4–Fe2O3 composite samples, as shown in 
Fig.  14b, demonstrating the successful formation of a heterojunction and close 
contact between g-C3N4 and  Fe2O3. As expected, the introduction of iron oxide in 
the structure led to enhanced visible light absorption as demonstrated by UV–Vis 
spectroscopy (Fig.  14c). Such enhancement, in addition to a drastic reduction 
in electron–hole pair recombination as demonstrated by photoluminescence, 
yielded an outstanding material for MO and textile effluent degradation (Fig. 14d) 
under sunlight-type illumination conditions. Last but not least, the composite 
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g-C3N4–Fe2O3 sample showed very good recyclability and sufficient magnetism 
to allow efficient recovery under an external magnetic field.

Boron-containing materials have recently gained attention in the field of pho-
tocatalysis due to their excellent optical properties. In fact, the strong absorp-
tion of this material in the UV–Vis/IR range has yielded remarkable local pho-
tothermal effects and outstanding results in  CO2 reduction reactions. As in other 
industrial extraction-purification processes, boron generates a large amount of 
boron-containing waste. In one study, boron-enriched waste (BEW) was used to 
produce a photocatalytic material tested during atrazine degradation reaction. The 
 TiO2-BEW material was obtained using a simple impregnation method followed 
by calcination at 400 °C, as schematically illustrated in Fig.  15a. Titanium(IV) 
isopropoxide was used as the Ti source, and the final materials, according to 
the elemental analysis, presented ca. 13.7 wt% of  TiO2. Characterization of the 
waste-derived samples was performed using a multi-technique approach. Pseudo-
spherical  TiO2 nanoparticles uniformly scattered on BEW were measured by 

Fig. 14  HR-TEM images of a pure  Fe2O3 and b g-C3N4-Fe2O3 composite samples. c UV–Vis spectra of 
the samples. d Kinetic linear simulation of the samples of MO photodegradation [95]
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microscopy (Fig. 15b), and UV–Vis analysis showed a band gap of 3.08 eV [96], 
confirming a potential use for sunlight-driven photocatalytic applications. In par-
ticular, the samples showed good activity and reusability for the removal of atra-
zine from wastewater. Unprecedented photocatalytic properties were reported for 
carbonaceous N-containing materials derived from leather skin residues [97]. The 
waste-derived material was easily synthesized by carbonization of the rabbit skin 
residues (provided by Serpelsa S.A. Vic, Spain) at 180–600  °C. In Fig.  15d, e, 
PT1 and PT2 describe the skin processed using a common chromium salt treat-
ment and that treated with titanium salts, respectively. It can be seen that all sam-
ples showed higher absorption of visible light and better photocatalytic response 
during phenol photooxidation. In fact, the activity data are competitive with 
respect to previous literature reports and, importantly, in comparison with the 
well-studied P25-TiO2 commercial reference [97].

8  Outlook and Conclusions

This review presents waste-derived photocatalytic materials as an attractive 
option, with tremendous environmental benefits, which has gained popularity 
in several photocatalysis laboratories around the world. The authors have high-
lighted the environmental advantages and economic attractiveness of using waste 
to produce high-value-added materials. It should be noted that the environmental 
benefits of waste reuse make little sense if the synthetic protocol involves non-
efficient consumption of energy or uses large quantities of harmful/toxic chemi-
cals. The same conclusion can be extended to waste valorization using high quan-
tities of expensive commercial additives. As a reference for readers, a qualitative 

Fig. 15  a Schematic representation of the synthesis of  TiO2-BEW samples and their application as pho-
tocatalysts. b TEM image of prepared sample. c Photodegradation results of atrazine from wastewater 
using several catalyst concentrations. [96]. d UV–Vis results for waste-derived samples. e Photodegrada-
tion of phenol in the samples and P5 reference [97]
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description of the main harmful reagents and energy-consuming processes of 
materials tested in photocatalytic reactions are summarized in Table 1.

In this regard, it is worth highlighting mechanochemistry as a highly promis-
ing methodology, which in addition to its remarkable simplicity, reproducibility, 
and versatility, reduces or eliminates the need to use additional reagents and sol-
vents, thus rendering it not only economically efficient (including the short reac-
tions times), but also—and more importantly—highly sustainable [86].

There is a long way to go, starting with the problems that are associated 
with the photocatalytic process itself. The relatively low photonic and quantum 
efficiency obtained for a wide range of photoreactions, together with the low 
absorption of the more active pure photocatalysts such as  TiO2 or ZnO (and any 
advanced material), remain the main drawback of the technology [5]. The devel-
opment of samples containing minor entities such as iron, copper, cerium oxides, 
or boron can help in managing the optical properties of the samples in order to 
improve the final efficiency of the process. However, this is a relatively difficult 
task considering that in many cases, the wastes used as raw materials have fixed 
concentrations of relevant elements, which leaves little flexibility in the design of 
the controlled structures.

The large-scale production of waste-derived catalytic materials must also be 
further developed. The electronic and automotive industries or galvanizing plants 
produce enough waste for large-scale catalyst/photocatalyst production [98]. 
However, most of the reports in the literature provide information only about 
basic laboratory studies. As photocatalysis is not an established large-scale pro-
cess, the final structure/properties of the samples is not a defined variable. Activ-
ity, selectivity, and stability must be tested using such waste-derived materials 
under large-scale operating conditions. With regard to the synthetic protocols, it 
is well known that the formation of precipitates must be avoided, and other pro-
cesses such as filtration should be as rapid as possible; therefore, some of the 
aforementioned synthetic methods must be optimized for large-scale material pro-
duction. It is expected that in the coming years, life-cycle and techno-economic 
assessment of the most promising photocatalytic processes will provide relevant 
information about the suitability of waste-derived photocatalysts.

Although these issues are not limited to waste-derived photocatalysts, a com-
prehensive understanding of the processes occurring in these types of materials is 
certainly lacking. In  situ characterization under real-world operating conditions 
must be undertaken in order to provide a clear description of entities participat-
ing in the photoreaction. In  situ X-ray absorption spectroscopy (XAS), XPS, or 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies 
(under illumination conditions), in combination with modeling and analysis of 
the optical properties, could prove useful in the interpretation of information 
related to the mechanistic and photo-handling process [13, 99]. Notwithstanding 
all the advances in the utilization of waste-derived materials as photocatalysts, 
the remarkable potential of these materials can lead to even further possibilities. 
We hope that this contribution can inspire the scientific community involved in 
the field of photocatalysis to take full advantage of the benefits offered by waste 
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utilization, enabling the development of more sustainable and efficient photocata-
lytic processes.
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Abstract
A new field where the utilization of mechanochemistry can create new opportunities 
is materials chemistry, and, more interestingly, the synthesis of novel nanomateri-
als. Ball-milling procedures and ultrasonic techniques can be regarded as the most 
important mechanochemical synthetic tools, since they can act as attractive alterna-
tives to the conventional methods. It is also feasible for the utilization of mechano-
chemical forces to act synergistically with the conventional synthesis (as a pre-treat-
ment step, or simultaneously during the synthesis) in order to improve the synthetic 
process and/or the material’s desired features. The usage of ultrasound irradiation or 
ball-milling treatment is found to play a crucial role in controlling and enhancing the 
structural, morphological, optical, and surface chemistry features that are important 
for heterogeneous photocatalytic practices. The focus of this article is to collect all 
the available examples in which the utilization of sonochemistry or ball milling had 
unique effects as a synthesis tool towards zero- or one-dimensional nanostructures 
of a semiconductor which is assumed as a benchmark in photocatalysis, titanium 
dioxide.
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1 Introduction

1.1  Nanotechnology and Photocatalysis

Generally, the impact of nanotechnology has been astonishingly positive in the last 
decades toward a wide range of environmental, energy, catalysis, as well as syn-
thetic applications and technologies, with a continuous incremental trend of pub-
lished peer-reviewed articles. Nanostructured and nanoengineered materials garner 
continuously enhanced research attention and focus due to their unique and novel 
properties, especially in comparison to bulk materials/counterparts. Application of 
nanoscaled materials covers a broad range of fields, from electronics and catalytic 
reactions, to medical and environmental remediation, while novel nanomaterials for 
new applications are highly desired. The properties of nanomaterials depend on the 
morphological (shape and size), structural (surface area and porosity), optical (band-
gap and light-harvesting capability), and surface chemistry features (nature and 
availability of the reactive sites). Another important aspect is to obtain well-defined 
phase composition of high homogeneity. All the above features are directly linked 
and dependent on the method/protocol of preparation [1]. By tuning specific syn-
thetic parameters, such as temperature, aging, and washing protocol, it is feasible to 
control the vital features for a targeted use. For instance, the chemical composition 
and the porosity are crucial features regarding catalytic synthesis and environmental 
applications. On the other hand, the optical and morphological features are more 
important for fabricating crystals for photonic devices.

Another important target in laboratory as well as in industrial research is to find 
novel ways to conduct reactions following “green” approaches. And toward this 
direction, photocatalysis is a favorable tool, since it is feasible to utilize a natu-
ral source of energy, solar light. The harvesting of light from a photocatalyst can 
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promote specific reactions even without the use of additive chemicals or another 
source of energy. The most important part in heterogeneous photocatalysis is the 
development and usage of materials that can function as sufficient photocatalysts, 
and nanotechnology has been shown capable of providing solutions. Synthesis of 
nanomaterials and tuning specific features of them like nano-morphological and 
optical features is an ultimately important and efficient strategy to achieve the above. 
Even though the synthesis of nanoscaled photocatalysts has been a hot topic dur-
ing the last decades with many published articles and end-use applications, the use 
of mechanochemical-based synthetic approaches is not so broadly explored. By 
gathering the existing knowledge on the effects derived from the mechanochemi-
cal forces like ultrasound (US) irradiation and ball milling, it will be realistic to go 
a step further. The focus of this work is to collect all the reports in which the two 
above-mentioned techniques were applied during the synthesis of two benchmark 
semiconductor photocatalysts, titanium dioxide or titanate, in order to obtain various 
polymorphs with different structural, morphological, and optical features.

1.2  Mechanochemical Synthesis

The exploration and discovery of new synthetic approaches as well as the incorpora-
tion of advantageous techniques for the development of new or improved proper-
ties of already known nanomaterials as photocatalysts is an ongoing and interesting 
field of research, with fascinating potential [1, 2]. In recent years, mechanochem-
ical processes were found to hold great promise, since they are effective and can 
lead to nanomaterials of novel properties. Another important aspect is that various 
reported active nanocatalysts can be synthesized in a shorter time compared to tra-
ditional wet-chemistry synthesis. In many cases, the design of mechanochemical-
based methods can have a positive effect on the “green” character and environmental 
footprint: consumption of less energy, less or even no use of hazardous solvents, 
need of recycling, purification, etc. According to the International Union of Pure 
and Applied Chemistry (IUPAC), the definition of a mechanochemical process is: 
“a chemical reaction that is induced by the direct absorption of mechanical energy” 
[3]. The utilization of mechanochemical forces holds great promise and begets novel 
approaches in nanocrystalline synthesis (mechanosynthesis), and, more specifi-
cally, on how to control the desired features, crucial for different applications [3–7]. 
Herein, two mechanochemical sources will be introduced: (1) US irradiation (sono-
chemistry) and (2) ball milling. The rapid growth of the research interest around 
the utilization of mechanochemistry methods is due to their unique effects. By the 
correct selection of these effects, it is feasible to obtain novel nanomaterials, and to 
control desired physical, chemical, and optical properties [5, 8]. Simultaneously, it 
is possible to eliminate the environmental footprint of the synthesis, avoiding, for 
instance, the usage of high energy, hazardous and non-recyclable chemicals, or by 
decreasing the duration and the number of steps of the synthesis [9].
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1.3  Sonochemistry

1.3.1  A Brief History

Sound waves not detectable by the human ear with frequencies ranging from 20 kHz 
to 200 MHz are referred to as ultrasound (US) waves [10]. The effects of sonication 
are linked to the cavitation phenomena, and they can be chemical, physical, mechan-
ical, or optical. The first reference to the cavitation phenomena by Thornycroft and 
Barnaby dates from 1895 [11]. By the time Neppiras introduced the term “sono-
chemistry” in 1980 [12] and Makino et al. showed the formation of radical species 
during the sonolysis of water in 1982 [13, 14], the research attraction of sonochem-
istry had increased dramatically. In general, sonochemistry is linked with the under-
standing and interpretation of the processes and the effects initiated by US irradia-
tion due to the cavitation phenomena. The main derived results are the enhancement 
of the reaction rate, radical species formation, as well as mass and heat transfer [1, 
2, 4, 15–17].

1.3.2  Cavitation Phenomena—Mechanistic Aspects on “How Does Everything 
Work?”

The formation of cavitation bubbles is due to pressure changes upon the travel of US 
waves in a liquid. The initially formed microbubbles, consisting of vaporized solvent 
or/and dissolved gases, grow continuously in size by absorbing energy during the 
irradiation [18]. After growing to a certain size, they violently collapse, creating a 
localized “hot spot.” The local pressure and temperature can be above 1000 bars and 
5000  K, respectively [18–20]. The hot-spot concept and the consequential effects 
can be described by distinguishing three zones [21, 22]. Zone 1 is inside the bub-
ble (primary sonochemistry), zone 2 is at the gas–liquid interface (secondary sono-
chemistry), and zone 3 is the bulk liquid phase surrounding zone 2. At the interior 
of the cavity, cleavage of bonds and formation of radicals occurs due to the harsh 
energetical environment and to the fact that the gaseous concentration is extended 
[22–24]. These radical species can also be transported to zone 2, where reaction of 
free radicals and pyrolysis can take place, or even to the bulk liquid zone 3. In an 
aqueous environment, the sonolysis of water can lead to the formation of hydroxyl 
 (HO·) or hydroperoxyl (HO2

·) radicals, and hydrogen peroxide  (H2O2). These species 
can initiate secondary reactions that can play a key role in material synthesis or for 
catalytic reactions [15].

Even if the “hot-spot” theory is the most accepted to explain these phenomenas, 
several studies lead to the proposition of plasma [25, 26], electrical [27], and super-
critical water [28] theories, demonstrating that all the mechanisms involving US are 
not completely known. In addition to the chemical effect of US, various other mech-
anisms exist, such as physical, mechanical, or light emission (sonoluminescence). 
The latter one is also valuable in order to determine the active regions and intensity 
of the US waves using a hydroxyl radical trapping agent, luminol (through chemilu-
minescence [29–31]. The physical/mechanical effects can be the formation of micro-
jets, turbulence, microstreaming, shockwaves, and agitations [23]. These effects can 
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positively promote the reaction rates by affecting the mass (mixing) and heat trans-
fer phenomena or resulting in some structural alterations of the solids, such as ero-
sion, exfoliation, fragmentation, or deformation [6, 8, 22, 32, 33].

The utilization of US irradiation is a complex aspect, since the formation of cavi-
tation in liquids can be affected by numerous parameters [2, 22, 23]. Some of them 
are described in most of the articles, but some were not reported. The frequency 
and the power of the irradiated US waves can be considered the most fundamental 
parameters [16]. Increase of the US frequency leads to shortening of the expansion 
and compression pressure cycle, and, as a result, to a negative impact on the effec-
tiveness. The formed bubbles/cavitation at higher frequencies have a smaller size 
and less violent implosion effects, although they have a better size distribution and 
rate formation. At lower frequency, the cavitation phenomena is more violent and 
intense with a consequent of higher localized pressure and temperature, as well as 
higher concentration of free radical formation. However, there are many cases where 
the high frequencies have desired impact on reaction rates and material synthesis.

Other important parameters that should be taken into consideration for the effec-
tive US utilization in synthesis of catalysts and catalytic reactions are the solvent, 
the presence/concentration of dissolved gases, temperature, and pressure [34]. The 
physicochemical parameters of the solvent, for example, the solubility of air or oxy-
gen, viscosity, surface tension, or vapor pressure, play key roles in the cavitation 
threshold. The increment of the latter parameter has a negative impact on the cycle 
formation, while, on the contrary, increment of the rest has a positive effect. Ini-
tiation of cavitation is facilitated by the presence of dissolved gases. However, the 
extent of the assistance upon cavitation is related to the physical properties of the 
gas. Contrary to the chemical processes, the increase of the temperature (until a spe-
cific range) has a negative impact on the sonochemical reaction due to increase of 
the vapor pressure and to the decrement of the gaseous solubility. However, there are 
many circumstances revealing that the temperature increase has positive and desired 
effects. An increase of the reactor pressure could cause a decrease of the solvent’s 
vapor pressure.

1.4  Ball Milling

1.4.1  A Brief History

The earliest recorded mechanochemical process, according to Takacs [35], dates 
to the fourth century BC, in which Theophastus of Eresos noted the synthesis of 
elemental mercury by grinding cinnabar (HgS) with acetic acid in a Cu vessel, the 
first documented separation of an elemental metal [3, 7, 35]. Since a solvent was 
needed even in a minimal amount, this process is regarded nowadays as liquid-
assisted grinding (LAG). From this point and afterward, mechanochemistry-based 
approaches were applied widely in metallurgy and mining, and more details can be 
found elsewhere [35–37]. By the use of a pestle and mortar and without a liquid (dry 
grinding), it was the great experimental physicist, Michael Faraday (discovered the 
laws of electrolysis, electromagnetic induction, and the rotation of polarized light by 
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magnetism) who conducted displacement reactions between a metal and oxides of 
less reactive metals [3, 7, 35]. In his first research published in 1820, which can be 
assumed as the first systematic study of the mechanochemical process, he showed 
the oxidation of Zn by the reduction of AgCl to Ag by simple mortar grinding [35, 
38]. However, there was no specific evidence indicating if the grinding promoted the 
reaction mechanochemically of just thermodynamically by heat generation through 
friction.

The American chemist and pioneer of photographic chemistry, Mathew Carey 
Lea (1823–1897), systematically studied and determined (between 1889 and 1894) 
that the above kind of redox reactions were initiated/activated by mechanochemical 
effects rather than thermochemical effects. A clear and loud example was the forma-
tion of elemental Ag from grinding of silver halides, while it was just melted with-
out decomposition upon thermal treatment [39] (Fig. 1).

The terminology of mechanochemistry was introduced by L. Crismer in 1912 
in a biography of Walthere Spring and his geology-oriented research on the effects 
derived by high pressure on powdered materials in order to explain the formation 
of various natural minerals [35, 41]. Although mechanochemistry started to be 
assumed and accepted as a distinct/separate subdiscipline of chemistry in 1919, a 
physical chemist and philosopher, the Nobel Laureate Friedrich Wilhelm Ostwald 
(Nobel prize in Chemistry, 1909, “in recognition of his work on catalysis and for 
his investigations into the fundamental principles governing chemical equilibria 
and rates of reaction”) introduced it as a separate chemistry sub-discipline along-
side electrochemistry, photochemistry, and thermochemistry [42]. Ostwald made 
this classification due to the fact that different types of energy are required in each 
sub-discipline.

1.4.2  Mechanistic Aspects on “How Ball Milling Works?”

Even nowadays, there is not a complete and comprehensive mechanistic picture 
regarding how ball milling and, in general, mechanochemistry works. This is also 
linked with the diversity of the utilized techniques/equipment (like mortar/pestle, 
mixer and planetary mills, glass vessel or tube disperser milling, etc. [3]) and the 
reaction types (dry or wet), conditions (gaseous atmosphere, temperature, etc.), and 
precursors (minerals, metal oxides, metals, chemicals, etc.). Several processes take 
place during the ball milling like heat and mass transfer.

Fig. 1  Mathew Carey Lea 
(1823–1897) and Friedrich 
Wilhelm Ostwald (1853–1932) 
left and right, respectively. 
Reprinted with permission from 
[40]. Copyright (2013) Royal 
Society of Chemistry
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However, the most crucial driving force is believed to be the generation and 
relaxation of mechanical stress that have a direct effect on the crystalline lattices 
[3]. The theory of “hot spots” formation during ball milling is a widely accepted one 
[7]. Hot spots can be created by the cracking of crystals, resulting in local tempera-
ture (up to 5000 K) and pressure, electric fields up to 108 V/m, crack propagation 
with velocity close to that of sound (105  cm/s), and lifetimes for bond excitation 
around 100 fs [3, 43, 44]. These effects are analogues of those of US irradiation in 
a liquid, even though the formation of a hot spot results from the cavitation phe-
nomena. And it is important that the high amount of added energy is localized 
microscopically, even nanoscopically, without affecting the macroscopic system to 
a great extent. This localized high amount of energy can lead to a diversity of con-
sequences, such as lattice deformation, cleavage of bonds, or formation of radicals. 
And these phenomena cannot be achieved by other synthetic approaches in solution. 
Figure 2 presents the most important fields of mechanochemistry applications based 
on the report by Elena Boldyreva [43]. More mechanistic aspects and fields of appli-
cation of mechanochemistry can also be found elsewhere [3, 7, 35, 44]. Even though 
Boldyreva did not consider US irradiation in her work, the latter can be utilized for 
the same fields and applications when a liquid phase is required. The rapid growth 
of the research interest around the application of mechanochemistry is due recent 
discovery of unique effects. By the correct utilization of these effects, it is feasible 
to obtain the desired nanostructured materials and enhance their crucial features by 
simultaneously eliminating the environmental footprint of the synthesis and avoid-
ing the usage of high energy and hazardous and non-recyclable chemicals.

1.5  TiO2: The Benchmark Semiconductor Photocatalyst

Titanium dioxide  (TiO2) can be regarded as one of the most popular semiconduc-
tor photocatalysts, for a wide range of applications; organic pollutant degradation, 
hydrogen production, solar cells, photocatalysis, etc. It combines high photo-activity 
for various reactions, high stability, low cost, and low toxicity for humans, animals, 
and the environment. Use of titanium dioxide started intensively in 1972, when 
Fujishima and Honda revealed photocatalytic water splitting by titania electrodes 
[45]. Since then, numerous articles have focused on the use of  TiO2 and its com-
posites for green-oriented heterogeneous catalysis, like valorization of biomass and 
upgrading of obtained chemicals [1, 46, 47].

Another important property of titanium dioxide is its superhydrophilicity that is 
crucial for solar fuel production and environmental remediation applications [48]. 
However, one crucial drawback arises due to the fact that  TiO2 has a wide bandgap 

Fig. 2  Applications of mechano-
chemistry
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ranging from 3.1 to 3.7  eV, and UV light irradiation is required in order to trig-
ger the photoreactivity. Considering that solar light consists predominately of vis-
ible and infrared light, with ultraviolet light less than 5% of the total solar light, a 
persistent research effort is focused on narrowing of the bandgap and, as a result, 
increase of light absorption and photoreactivity under sunlight. Even though several 
polymorphs/crystal structures of  TiO2 exist [49], with the most important presented 
in Fig. 3, only a few of them have been studied and found promising for photocat-
alytic applications like biomass valorization [33, 50, 51]. The three most studied 
and stable crystalline phases of titanium oxide are anatase, brookite, and rutile, with 
the former one possessing the highest photocatalytic activity and the latter the high-
est stability [52]. Among the various commercially available forms of  TiO2, one of 
the most active and widely studied is Degussa P25, and, in many cases, it acts as a 
benchmark (industry standard) [53].

There are many reported methods for the synthesis of nanostructured  TiO2 mate-
rials. The sol–gel method is the most often applied method, but, unfortunately, it 
leads to amorphous nanomaterials, and, so, further treatment is needed to induce 
crystallization, like annealing. On the other hand, hydrothermal-based methods can 
promote the crystallinity and shape morphology formation, and can be used for 
larger scaled synthesis compared to the sol–gel method. Crystallinity in relation with 
the particle size is found to determine the photo-reactivity not only in the case of 
Ti-based catalyst [48, 54–57], but also for other materials like ZnO [58–60],  MnO2 
[61], graphitic carbon nitride [5, 62–65], or other metal oxides/hydroxides [66–68]. 
However, the control of the final material’s morphological features is related to a 
wide range of parameters during the synthesis.

Another important aspect in photocatalysis is the rate of the surface reactions. 
The structural (surface area and porosity) as well as the morphological features 

Fig. 3  Crystal structures of rutile (a), anatase (b), bronze (c), brookite (d), columbite (e), hollandite (f), 
baddeleyite (g), and ramsdellite (h) phases. Reprinted with permission from [49]. Copyright (2015) Else-
vier
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(shape and size) play a key role in the catalysis rates, and, as a result, the engineer-
ing of these features is also important [47, 69–80]. Toward the above-mentioned 
direction, different strategies/approaches were followed for the nano-engineering of 
the  TiO2 toward key features/properties for application in catalysis. The most impor-
tant strategies in order to positively trigger the photoreactivity are the following: 
(1) controlling the crystallographic nature; (2) introducing  Ti3+ species and lattice 
disorder; (3) doping with metal or non-metal; (4) decreasing the size of the parti-
cles to nanoscale; (5) engineering the shape to 0D, 1D, 2D, 3D, or amorphous; (6) 
decreasing the size of the particles; (7) chemical modification like hydroxylation/
hydrogenation; (8) porosity enhancement; (9) narrowing the bandgap toward the 
visible range of light; (10) enhancing light absorption; and (11) limitation of  e−/h+ 
recombination.

1.6  Our Approach to Organize this Article

The focus of the work herein is based on novel mechanochemical-assisted synthesis/
modifications, such as US irradiation and ball milling, in which their utilization has 
led to beneficial effects in the enhancement of photocatalytic capability. Since the 
application of mechanochemistry has only lately been assumed and recognized as 
a useful process-intensification tool, in most works where US or ball milling were 
applied, the reports have predominately a materials point of view approach with-
out studying a potential photocatalytic reaction. Additionally, the one-dimensional-
inspired spatially ordered nanotubular-shaped titanate has gathered intense attention 
upon its discovery in 1995 [81]. Although the utilization of mechanochemistry in 
order to improve the synthesis and control specific features has been explored, the 
photocatalytic capabilities of these titanate nanotubes (TiNTBs) was studied in only 
a few of these reports. We believe that TiNTBs can display important photocatalyst 
behavior, and we actively work towards this direction. Based on the above and the 
available articles, we organized this article into two main parts/sections. In the first 
part, we collected the reports in which sonication was used in order to obtain nano-
engineered materials with enhanced specific features for photocatalytic application, 
like light absorptivity, decreased bandgap, defects like surface oxygen vacancies, 
hydroxylation, porosity, etc. The second part is focused on the ball milling-based 
synthesis/modification approach. Each part is separated in two subsections. The first 
subsection is focused on zero-dimensional (0-D) photocatalysts, with an emphasis 
on how to promote the most vital of photochemistry features. In the second subsec-
tion, we collect all the research on the synthesis of one-dimensional (1-D) nano-
structured titanate, like nanotubes (NTBs) and nanorods.
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2  PART A—Sonication‑Assisted Approaches

2.1  0‑D Particles

2.1.1  Increasing the Porosity

The supramolecular assembly sol–gel method using surfactant molecules as a tem-
plate/structure-directing agent for the synthesis of mesoporous titania was reported 
firstly in 1995 by Antonelli and Ying [82]. The main drawback of the obtained hex-
agonally packed mesostructured  TiO2 was the presence of residual phosphorous 
from the alkyl phosphate surfactant. From then, different long-chain organic mole-
cules were studied as phosphorus-free surfactants. In 2000, Wang et al. [83] reported 
a novel synthesis of mesoporous nanostructured titanate of a high porosity, by simul-
taneous ultrasonication during the synthesis (1.13 cm in diameter Ti horn, 20 kHz, 
100 W/cm2). An ethanolic solution of the organic amine and titanium isopropoxide 
was added slowly to a doubly distilled water, followed by aging for 6 h. The addi-
tion and the aging occurred under high-intensity ultrasonication, with the maximum 
temperature reaching 80 °C. The removal of the surfactant from the obtained pow-
der by centrifugation was achieved by dilute ethanolic  HNO3 solution and washing 
with ethanol. The dried powder was also calcinated in a vacuum at 350 °C (8 h) or 
450 °C (4 h). Three different long-chain organic amines (decylamine, dodecylamine, 
and octadecylamine) were studied as the structure-directing agents.

The result was spherical or globular particles between 50 and 200  nm as an 
aggregation of very small nanoparticles, as can be seen from the high-resolution 
transmission electron microscopy(HRTEM) image (Fig.  4). The X-ray diffraction 
(XRD) analysis showed an amorphous nature even after calcination at 350 °C, but 
the rise of the calcination temperature to 450 °C led to an anatase crystallinity. The 
surface areas after extraction, and calcination at 350 °C and 450 °C, were 853, 467, 
and 79 m2/g, respectively. These values are high for metal oxides and higher than 
analogous titanate hexagonal mesoporous framework structures synthesized by 
hydrothermal and then thermal treatment with dodecylamine as a structure-directing 
agent (710 m2/g) [83, 84]. The most interesting outcome was the that the obtained 
nanoparticles had a structure of disordered wormhole framework, rather than a long-
ranged hexagonal structure. This kind of channel motif and the high surface area 
are ultimately important for catalytic application, due to the improved diffusion and 
the availability of the active reaction sites. Compared to various other reports for 
the synthesis of mesoporous  TiO2 nanoparticles, the benefits of this sonochemical 
method is the simplicity and rapid rate of synthesis, that leads also to nanoparticles 
of a high porosity. The authors linked the role of US irradiation to the accelerated 
condensation/polymerization of titanium hydroxide at the interface of the gas phase 
of the hotspots and the bulk solution.
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2.1.2  Controlling the Crystallinity

In 2000, Huang et  al. studied the role of US irradiation in the selective synthesis 
of anatase or rutile phases from different precursors and conditions [52]. The syn-
thetic protocol was based on the addition of different precursors (TPT: tetraisopro-
pyltitanate, TTC: titanium tetrachloride, or a mixture of TPT and TTC) in water 
under sonication by a directly immersed horn (20 kHz, 100 W/cm2). The suspension 
was ultrasonic-aged for 3 h, with the temperature reaching 80 °C. The precipitates 
were obtained by centrifugation and subsequently washed with deionized water and 
ethanol, following by overnight vacuum drying. Compared to the sol–gel-derived 
materials that were amorphous prior to calcination, the samples obtained via US 
irradiation showed a high degree of crystallinity. Rutile-phased nanoparticles (crys-
tallographic size based on the application of Scherrer’s formula at the XRD: 8.2 nm) 
were obtained when TTC was used, and anatase phase (3.5 nm) in the case of TPT. 
The materials synthesized via US were also found to have relatively high surface 
areas, 103 m2/g for the rutile phase and 201 m2/g for the anatase phase. The TPT-
derived sample (anatase) had a broad size distribution of mesopores (average of 
5 nm), linked by the authors to the aggregation of nanoparticles. The rutile phase 
TTC-derived sample had a non-mesoporous nature.

When a mixture of TPT and TTC were used in a molar ratio of 63.4:36.6, a 
mixed anatase/rutile phase was determined. Analysis of the powder X-ray diffrac-
tion (PXRD) data revealed a crystallographic ratio of anatase to rutile phases of 
47.6:52.4, suggesting that in the case of the mixture, part of the rutile phase formed 
at the expense of TPT. It should be pointed out that without US irradiation, the 
material obtained with the same mixture of precursors as above mixture was amor-
phous. The authors also studied the role of temperature. When the synthesis was 
conducted at 30  °C instead of 80  °C and TPT as precursor, the result was mixed 
brookite and anatase phases. On the contrary, when TTC was hydrolyzed under son-
ication at 10 °C, rutile phase was obtained. The role of pH was also studied, but not 

Fig. 4  HRTEM images of the 
as sono-chemically prepared 
mesoporous titanium oxide 
with wormhole-like framework 
structures. Reprinted with 
permission from [83]. Copyright 
(2000) Wiley
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in detail. When TPT was hydrolyzed under sonication at pH 0.7, the obtained sam-
ple of limited mass had a mix of rutile and anatase phases. Increasing the pH of the 
supernatant of the above synthesis to 8.6 and further sonication for 3 h led to a pure 
anatase phase. Based on all the above, it is obvious that even though US irradiation 
and temperature play a key role by promoting the crystallization, the pH can deter-
mine the finally crystallographic phase. Another outcome derived by the authors 
was that the hydrolysis of TPT in water is slower compared to TTC, resulting in a 
more homogeneous and partly condensed gel. The formation of a hotspot due to US 
waves inside the gel phase promotes the polycondensation of the Ti–OH species and 
the formation of a large number of seed nuclei, leading to smaller nanoparticles.

In 2001, Yu et al. [85] studied the effect of US irradiation (cleaner bath, 47 kHz, 
120  Welec.) as well as the role of the ethanol-to-water ratio during the hydrolysis 
upon precipitation of titanium tetraisopropoxide in pure water or mixed EtOH–H2O 
solution at different ratios, followed by in-air calcination at 500 °C for 1 h. The ratio 
of ethanol to water was found to play a key role in the crystallinity of the final pow-
der, and, as a result, in the photocatalytic reactivity. While in pure aqueous solution, 
the obtained material had a mix of anatase and brookite phases (in a ratio of around 
80:20); the addition of methanol led to the elimination of the brookite phase. The 
materials obtained without using methanol were found to possess a higher photoac-
tivity against the oxidation of acetone in air compared to P25. On the contrary, the 
material with a solely anatase phase showed the lowest oxidative performance. The 
authors linked this to the fact that the presence of two crystallographic phases has a 
positive impact on the photocatalytic activity, by decreasing the combination of the 
photogenerated  e−/h+ pairs. In 2010, Ghows et  al. synthesized nanosized  TiO2 by 
hydrolysis of titanium tetra-isopropoxide in a solution of ethanol/water under low-
intensity and high-frequency (500 kHz) sonication [86], although they did not study 
their photocatalytic properties. The crystalline phase and particle size were depend-
ent on the ethanol-to-water ratio, US irradiation time, and temperature.

2.1.3  Altering the Surface Chemical Features and Bandgap

In 2011, Chen et al. [87] reported that the distortion and doping of the outer sur-
face of  TiO2 nanoparticles by high-pressure and high-temperature hydrogenation 
led to an enhancement of the visible light absorption. Interestingly, and for the 
first time, the obtained  TiO2 powder did not have the characteristic white color, 
but a deep dark one. The reported synthesis of this material was conducted in two 
phases. In the first phase, titanium dioxide nanocrystals of an ~8-nm diameter 
were synthesized by a sol–gel method, using an organic template and acid (plu-
ronic F127). The white powder obtained after calcination (500  °C, 6  h) under-
went hydrogenation under a high-pressure (20 bars)  H2 atmosphere at ~ 200  °C 
for 5 days, resulting in a black powder, stable even after 1 year.

The HRTEM analysis revealed no shape alteration upon hydrogenation; how-
ever, an outer disordered layer around 1 nm in thickness appeared. The X-ray dif-
fractogram of both white and black samples revealed the characteristic peaks of 
the anatase structure. The Raman spectrum of the white sample showed the six 
typical Raman-active modes of the anatase structure. The Raman spectrum of the 
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black sample revealed a broadening of the six typical Raman-active modes which 
were appeared in the white powder, and some additional new bands not linked to 
any of the three classic polymorphs of  TiO2. The X-ray photoelectron spectros-
copy (XPS) analysis revealed an almost identical and impurity-free bonding envi-
ronment for Ti. On the contrary, the hydrogenation also resulted in a new O 1s 
peak (at 530.9 eV) which was attributed by the authors to the formation of Ti–OH 
moieties. Since the dangling bonds tends to attract hydrogen, the authors expected 
that the H doping occurred predominately in the outer disordered layer where 
more dangling bonds exist compared to the inner crystalline core. The bandgap of 
the non-hydrogenated materials was determined by diffuse reflectance as 3.3 eV 
(slightly higher than bulk anatase). The black  TiO2 showed a dramatically nar-
rower bandgap , while the onset of the optical absorption started from ~ 1200 nm 
(1.0 eV). The authors linked this to the “band tail states” phenomena, where the 
valence and conduction bands narrow. The density of states (DOS) of the black 
sample compared to the white one can be seen in Fig. 5. The photocatalytic activ-
ity against methylene blue dye was found to be faster by ~ 7.5 folds under solar 
irradiation, and the photo-activity was found to be stable even after eight cycles. 
More interestingly, the black titania sample was found capable of photocatalytic 
hydrogen production from water under sunlight, with a rate two folds higher than 
the best semiconductor catalysts at that time. The non-hydrogenated sample was 
not found photoreactive for water splitting, even after loading with Pt. The H 
production was repeatable for more than 20 cycles. The authors showed that the 
hydrogenated  TiO2 did not act as an H reservoir, since 40 mg of  H2 were formed 
after 100 h of irradiation, with the sample having around 0.05 mg of hydrogen.

In 2012, Osorio-Vargas et al. studied the effect of low-frequency US irradiation 
(20 kHz, 1.2 W/mL) on P25 [88]. Based on electron spin resonance (ESR) meas-
urements, they reported evidence to support the formation of oxygen vacancies for 
the obtained sample after 6  h of irradiation. These vacancies can be responsible 
for enhance visible light absorption, and also for the obtained grey-shaded color, 
although the photoreactivity was not studied. These surface chemistry alterations 
were assigned to the shock waves from the cavitation phenomena and high-velocity 
interparticle collisions.

In 2015, Fan et al. utilized ultrasonication in order to synthesize amorphous and 
porous hydroxylated black  TiO2 [89], avoiding the harsh and expensive synthesis 
by hydrogenation at high pressure (20 bars) and temperature (200 °C). The pivotal 
role of US waves during the synthesis was determined by varying the irradiation 

Fig. 5  A schematic illustration 
of the density of states (DOS) of 
disorder-engineered black  TiO2 
compared to that of the white 
 TiO2 precursor. Adapted with 
permission from [87]. Copyright 
(2011) American Association 
for the Advancement of Science
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duration (0.5–8 h), leading to different shades of blackness. At the first step of syn-
thesis, titanium sulfate [Ti(SO4)2] and ammonia water were inserted in aqueous 
phase inside an ice-water bath in order to control the reaction rate (2 h, under mag-
netic stirring). After centrifugation and US washing (25 kHz, 100 W, 20 min) by 
deionized water, the dispersion was treated with high-power US irradiation (25 kHz, 
1500 W/100 mL) using a probe. The synthesis was conducted at 80 °C under differ-
ent US irradiation durations; 0.5, 1, 2, 4, and 8 h. Afterward, the obtained materials 
were dried at 80 °C. The degree of the black shade was increased by extending the 
US irradiation (Fig. 6). After 8 h of US exposure, the obtained powder had a deep 
black color. It was pointed out that by the application of lower-intensity US irradia-
tion, no powder with a black shade was obtained.

The X-ray diffractograms of all samples were almost identical, revealing no 
reflections as a result of the amorphous nature. Identical Ti 2p3/2 and Ti 2p1/2 
peaks were also found in the XPS spectra, and no shifting, widening, or narrow-
ing was observed, linked to the  Ti4+ of the Ti–O bonds. Since no  Ti3+ moieties 
exist in the matrix, all the obtained samples, regardless the color, were assumed 
as amorphous  TiO2. The XPS analysis also showed the absence of other elements, 
rather than Ti and O, independent of the US irradiation and duration. The TEM 
and HRTEM images (Fig.  7) revealed that the obtained materials had an abso-
lute disorder and amorphous structure, with or without US treatment. The same 
research team reported in a prior work the synthesis of hydroxylated amorphous 
and disordered  TiO2 nanomaterials of different color shades [90]. The only differ-
ence was that instead of US irradiation, the obtained intermediate white powders 
were thermally treated in a muffle for 3  h (heating rate ~ 20  °C/min) at differ-
ent temperatures; 200–800 °C. These nanomaterials, as also in the case of those 
reported by Chen et al. [87], had a specific structure: an anatase nano-core/shell 
surrounded by a disordered and amorphous hydroxylated phase. Contrarily, the 
US treatment led to core-free pure amorphous  TiO2 nanocrystals. In order to 
exclude the possibility of the blackness being associated with N doping, NaOH 
was used as a base instead of ammonia, and the obtained materials showed simi-
lar blackness increment by the extension of US irradiation.

The initially white and all ultrasonictreated samples darker in color showed 
similarly shaped O1s XPS spectra. The peak was deconvoluted to two sym-
metric peaks, one assigned to Ti–O bonds (~ 530  eV) and the other to Ti–OH 
(530.9–532 eV). However,, the Ti–OH/Ti–O ratio of Gauss peaks was increased 
by increasing the US treatment duration. The amorphous white  TiO2 had a 

Fig. 6  The powders obtained after different ultrasound irradiation duration. Reprinted with permission 
from [89]. Copyright (2015) Springer Nature
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Ti–OH/Ti–O ratio of 0.73, while for the black sample, the ratio was more than 
double (1.60). The authors determined the hydroxylation degree and assumed 
a molecular formula of  TiO2-x(OH)2x, where “x” represents the hydroxylation 
extension. The reported molecular formulas were  TiO1.156(OH)0.844 for the white 
powder and  TiO0.768(OH)1.232 for the black sample. Calcination of all colored 
samples at 800 °C until a constant weight led to white powders, as a result of the 
transformation of Ti–OH to Ti–O. Based on all the above-mentioned results, it 
was concluded that the high-power US irradiation duration had a direct correla-
tion to the hydroxylation and amorphism.

The increase of the hydroxylation and amorphism as a result of longer ultrasonic 
irradiation had additional positive impact on the desired, and ultimately key, features 
in catalysis due to improvement of light harvesting; the structural and optical fea-
tures. The absorbance intensity through the whole visible and near-infrared regions 
was improved by the increase of the ultrasonication duration, while the bandgap was 
decreasing. The white and the black samples had a bandgap of 3.37 and 3.11 eV, 
respectively. The density of states (DOS) constructed by the optical absorbance and 
valance band XPS spectra (Fig. 8) showed that the narrowing of the bandgap was 
assigned to electronic structure alterations due to orbital overlapping, and the blue-
shift of the valence band maximum towards the Fermi energy.

The increased porosity is also an important factor for photocatalytic application, 
since it enhances the reaction rates as a result of improved diffusion of the reactants 
and the availability of the active sites. For all studied samples, the obtained type IV 
nitrogen sorption isotherms with type H2 hysteresis loops revealed the existence of 
meso-pores/voids [91], resulted from the interstitial spaces between the nanoparti-
cles, as was reported in various cases [80]. The lowest porosity values were found 
for the non-US-treated white powder; a surface area of 166.43 m2/g and total pore 
volume of 0.109  cm3/g. The US irradiation gave rise to the microporosity due to 
the hydroxylation of  TiO2, as it was reported in other cases [92]. The black sample 

Fig. 7  TEM and HRTEM 
images of non-ultrasound-
treated white  TiO2 (a, c) and 
amorphous hydroxylated black 
 TiO2 obtained after 8 h of ultra-
sonication (b, d). Reprinted with 
permission from [89]. Copyright 
(2015) Springer Nature
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US-irradiated for 8  h showed the highest structural parameters, which were dou-
ble compared to the white sample (surface area: 329 m2/g and total pore volume: 
0.251 cm3/g).

The evaluation of the photocatalytic capability of the samples was performed by 
monitoring the decomposition/removal of acid fuchsin (AF) in aqueous solution. 
Since the materials were porous, the removal/reactivity in the dark was evaluated 
in detail prior the evaluation of photocatalytic performance. It was found that the 
black nanomaterial had an almost three times higher removal capability in the dark 
compared than the white one, due to the higher surface area and pore volume. The 
analysis of the interactions (by eliminating the effect of physical adsorption) showed 
that the US-assisted synthesis led to samples that possess an improved solar- and the 
visible-light-driven photocatalytic reactivity. The first-order rate constant obtained 
by the Langmuir–Hinshelwood model for the black sample was 5.8 and 7.2 times 
higher under solar and visible light irradiation, respectively, compared to the non-
US-treated white sample. The decomposition capability was linked to the formation 
of hydroxyl radicals. The fact that the photocatalytic reactivity improvement was 
more pronounced in the case of visible light was linked to the enhanced light uti-
lization/harvesting, photo-response range, and the narrowing of the bandgap. Pho-
toluminescence tests showed that the increase of the ultrasonication duration led to 
a decrement of the photo-generated electrons and holes pairs, with the latter being 
trapped at the disordered phase.

Fig. 8  UV–Vis–IR absorbance spectroscopy (a), valance band XPS spectra (b), and a schematic illustra-
tion of density of states (DOS) of the original samples and amorphous hydroxylated samples ultrasoni-
cated for different durations. The blue and black arrows indicate the bandgaps after and before localized 
band-bending, respectively. Reprinted with permission from [89]. Copyright (2015) Springer Nature
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2.2  1‑D Particles

2.2.1  1‑D Titanium Oxide and Titania

In the literature, various different names/terminologies are used for the characteriza-
tion of the structure and shape of the 1-D synthesized materials, like fibers, whisk-
ers, nanotubules, fibrils, nanocable, rods, nanowires, belts, since the definition and 
nomenclature are not well stablished [93]. The geometrical shapes of the titanium 
oxides that are more widely accepted, reported as a characteristic based on electron 
microscopy images, and herein used, are collected in Fig.  9. In general, the most 
important shapes are the open-end NTB (a), the core–shell NTB, the nanorod (c), 
the square or rectangular nanorod/belt (d, e), and the nanoring (f) [93].

The first report of 1-D  TiO2 NTBs was by Patrick Hoyer in 1995 [81], who used 
a poly(methyl methacrylate) (PMMA) mold/template for the electrochemical depo-
sition/growth of the titania NTBs. After the dissolution of the polymer, the obtain 
material consisted of poorly organized arrays of amorphous TiNTBs. The diame-
ter of these NTBs was in the range of 140–180 nm, with an inner hole diameter of 
30–50 nm and wall diameter of 30–50 nm. A 45° view of the cross section of the 
lower part of the amorphous tubes (after the removal of the upper part of the NTBs) 
is presented in Fig.  10. The electrochemical synthesis is out of the scope of this 
work. A detailed review article for the electrochemical formation of self-organized 
 TiO2 NTBs was published by Roy et al. [94].

The fascinating TiNTBs were bulkily and template-free firstly obtained in a pow-
der form via the innovative work of Kasuga et al. in 1998 [95]. TiNTBs with a small 
diameter (Fig. 11i) were synthesized from the conversion of  TiO2 (mixed rutile and 
anatase) by a soft chemical method; hydrothermal treatment (110  °C, 20  h) in a 
strongly basic environment (10 M NaOH). They showed by TEM how the treatment 
with diluted HCl can lead to nanotubular structures and of high specific surface area, 
up to 257 m2/g. Peng’s group analyzed in a series of articles in between 2001 and 
2003 [96–99] the crystallographic structure of the hydrothermally obtained TiNTBs, 
and assigned it to trititanate  H2Ti3O7. They also presented the catalytic role of 
NaOH and how the NTBs are formed by the rolling of the intermediately formed 

Fig. 9  Schematic illustrations of the most widely synthesized and reported titanium oxide nanoscaled 
morphologies: open-end nanotube (a), core–shell nanotube (b), nanorod (c), square or rectangular 
nanorod/belt (d, e), and nanoring (f)

45Reprinted from the journal



 Topics in Current Chemistry (2020) 378:2

1 3

 

nanosheets (Fig.  11ii). In 2004, Suzuki and Yoshikawa expanded the analysis by 
proposing that the presence of water molecules is crucial [100], expressing the for-
mula as  H2Ti3O7.nH2O, and showed that these moieties of the crystallographic water 
play a role in the interlayer spacing of titanate layers of the NTB’s wall.

In general, this synthetic process involves two main steps, the first being a con-
ventional solid-state reaction between  TiO2 and sodium ions in basic solution, form-
ing layered structures peeled from the initial particles. The second step involves the 
ion exchange during the acid treatment, HCl in almost all reported cases. Two fac-
tors are important regarding the formation of the alkali metal stabilized nanotubes: 
(1) how the nanosheets are formed from the spherical (in most cases) nanoparti-
cles, and (2) how the nanosheets are converted to NTBs. Regarding the first aspect, 
Nakahira et al. showed by TEM observation (Fig. 12i) in 2010 that the formation by 
surface exfoliation of the nanosheets and their rolling/wrapping to NTBs take place 
on the surface, using as raw material an anatase-type titanium dioxide, and they pro-
posed the entire process by various characterizations [102]. Bavykin et al. presented 
three different possible mechanisms of the conversion of the nanosheets to open-end 
multi-wall NTB, resulting in differently structured tubular shapes (Fig. 12ii) [103].

After the first reports of the TiNTBs, an intense research effort was focused on 
tuning different parameters during synthesis in order to control the structural and 
morphological features, the homogeneity and purity of the formed TiNTBs, as well 
as to decrease the synthesis temperature and duration [100, 102–110]. However, 
some arguments were derived. More details regarding titania NTBs obtained by 
hydrothermal-based synthesis can be found in the review article reported in 2011 by 
Wong et al. [111]. In many of the reports regarding the synthesis of the 1-D nano-
tubular structures, US irradiation was applied at different stages of the process, but 
without analyzing the possible role. It is feasible to believe that US led to specific 
effects that were not explored. Sonication can also help the characterization and sep-
aration of the TiNTBs. Interestingly, Bavykin et al. showed that US irradiation can 
be beneficial in order to distinguish the nature of the high observed pore volume by 
separating the agglomerates into individual NTBs [103].

Fig. 10  SEM pictures of the cross section of the as-prepared film of titania (with the upper part of the 
tubes removed). (Adapted from Fig. 3 of [81]). Reprinted with permission from [81]. Copyright (1996) 
American Chemical Society
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The focus of the following part is on how the sonication can play a vital role for 
the manipulation of the TiNTBs’ important factors like size, shape, porosity, peeling 
of the nanosheets, and more, as well as how the process can be achieved faster with 
a more environmental and energy-friendly manner. The photocatalytic activities and 
the involved mechanisms, if reported, are also introduced and discussed.

2.2.2  1D Titania by Ultrasound Irradiation

In 2001, Zhu et al. [112] demonstrated that the utilization of low-frequency US can 
promote the formation of 1-D titanate nanoparticles. The one-pot synthesis of the 

Fig. 11  i TEM image and SAED pattern of titanate nanotubes hydrothermally synthesized the for first 
time by Kasuga et al.; ii: a HRTEM image showing a nanotube with an open end and three or four lay-
ers at the walls (scale bar 6 nm); b HRTEM image of the cross section of a three-layered wall nanotube 
(scale bar: 3 nm); c enlarged HRTEM image (scale bar: 1 nm); d a structure model of a single unit cell of 
 H2Ti3O7 ([010] projection); e schematic illustration of the nanotube’s structure; f 3-D drawing of a titan-
ate nanotube. Adapted with permission from  [97, 101], respectively. Copyright (1999) and (2002) Wiley

Fig. 12  i A schematic collective scheme for the exfoliation and wrapping/scrolling of the formed titanate 
nano-sheets leading to the nanotubular particles, supported by TEM observations; ii a schematic repre-
sentation showing the possible mechanisms for the formation of the nanotubes. Adapted with permission 
from [102, 103]. Copyright (2010) American Chemical Society and (2004) RSC, respectively
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whiskers and nanorods was based on the sonication of synthesized titania nanopar-
ticles in strongly basic solution (NaOH, 10 M), following by washing with dilute 
 HNO3 (0.1 M) and deionized water and vacuum drying. Compared to other methods 
used for the synthesis of 1-D structured titania (template synthesis, supra-molecular 
assembles, hydrothermal synthesis, and inductive synthesis), this synthetic approach 
taking place in a one-pot synthesis is faster, while avoiding the use and removal step 
of the templates and the need of calcination for crystallization as the last step.

The used synthesized  TiO2 nanoparticles as precursors were prepared by hydroly-
sis of titanium butoxide, followed by calcination at 650 °C for 1 h. The average size 
of them was around 20 nm, while the crystallographic composition was 17% anatase 
and 83% rutile. For the synthesis of the whiskers, synthesized titanium oxide nano-
particles were dispersed in the basic aqueous solution inside a Teflon vessel. The 
mixture was ultrasonicated for 80 min (direct immersion of Ti-horn, 560  Welec., fre-
quency not specified but probably in the low-frequency range, 20–80 kHz). The tem-
perature during the synthesis was 80 °C.

Then the mixture after sonication was washed with diluted  HNO3 for 2  h and 
with deionized water for 6 h. The obtained particles had a slender sheet structure of 
a 60-nm diameter and a length around 1 μm. The interesting outcome arises from 
the elemental stoichiometry analysis, which was found to be H3Ti3O7.5. The bands 
at ~ 3400 and ~ 1630  cm−1 at the IR spectrum were linked to the stretching vibra-
tions of the O–H bond and to bending vibration of H–O–H, revealing the presence 
of water. Since the XRD pattern matched with that of  H2Ti3O7 [113], and taking 
into consideration the thermogravimetric results, the product was assigned from the 
authors as  H2Ti3O7.0.5H2O. Further washing of the product with water for 8 h led to 
nano-whisker arrays of a 5-nm diameter. The X-ray diffractogram revealed that the 
crystallographic phase changed to  TiO2 (B) [114] (Fig. 13).

For the preparation of the NTBs, the mixture was treated with half the US power 
(280  Welec.) for 60 min, and afterward, the Teflon vessel was maintained in an oil 
bath at 110  °C for 4 h. The washing was with  HNO3 (0.1 M, 2 h) and deionized 
water (14 h). The obtained NTBs had a 5-nm diameter and 200–300-nm length. The 
XRD analysis revealed that the crystallographic phase was an intermediate between 
 H2Ti3O7·0.5H2O and  TiO2 (B). No Na was detected at the elemental analysis, while 
the ratio of Ti to O was 1:2.

The proposed mechanism of the whisker formation was based initially on the 
US-assisted reaction of the base that leads to the cleavage of some Ti–O–Ti bonds. 
The formed layered titanate lattices have octahedral form with alkali metal ions 
to occupy the interlayered regions. During the washing with acid and water, ion 
exchange and dehydration occur, resulting to  H2Ti3O7·0.5H2O. Extended dehydra-
tion by water washing promotes the transformation to titanate bronze. The role of 
US is vital since it promotes the reaction between the raw nanoparticles and the 
base, as well as controls the oriented growth. The synthesis is faster by the applica-
tion of US compared to the reported hydrothermal methods of nanorod formation. 
It is worth mentioning that without ultrasonication, no whiskers were obtained. A 
lower US irradiation power and the hydrothermal treatment promotes the formation 
of bigger titanate sheets and the exfoliation of nanosheets. The latter roll into NTBs 
during the washing due to the removal of the ions and, as a result, to alterations 
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of the electrostatic forces/equilibria. Even though the above US-assisted hydrother-
mal approach successfully led to the preparation of NTBs significantly faster and 
easily compared to the hydrothermal synthesis, there is a drawback. The synthesis 
of the precursor starting with titanium butoxide hydrolysis is time-consuming and 
complex.

In 2005, Joo et  al. [115] reported the synthesis of  TiO2 nanorods of a diam-
eter and length of 3.4 and 38  nm, respectively, by a nonhydrolytic ester elimina-
tion reaction between titanium(IV) isopropoxide (TTIP) and oleic acid [OA, 
 CH3(CH2)7CH=CH(CH2)7COOH]. The latter monosaturated fatty acid is among the 
most common fatty acids in nature, produced both from vegetables and animals, and 
in this work, it was utilized as surfactant and shape stabilizer during the synthesis. 
Even though the authors concluded that the obtained crystallographic phase was of 
anatase, they did not report the region of the XRD for angles lower than 20°. In 
the following preparation method, TTIP was added to OA, and the suspension was 
heated gradually until 270 °C within 20 min and was kept at this temperature for 2 h. 
The initial clear solution of a yellow shade turned progressively to white. The yield 
was around 70% wt, and the white powder consisted of nanorods and quasi-spherical 
nanoparticles ~ 3-nm diameter (Fig. 14a, b). Interestingly, the authors were able to 
separate the nanorods by conducting a size-selective precipitation from a hexane/
ethanol solution (Fig. 14c). They also showed that the nanorods’ diameter could be 
controlled by adding different amounts of 1-hexadexylamine. Sonication for 30 min 
(experimental conditions not specified) was applied for the removal of the surfactant 
after the treatment of the powder with superhydride solution (lithium triethylb-
orohydride in THF), but the effect of US was not explored. The finally obtained 
nanorods presented a specific surface area of 198 m2/g and they were highly dis-
persible in water, a fact of a paramount importance for real-life applications. The 
estimated bandgap of the nanorods was 3.33 eV, a value higher than that of 3.2 eV 
of the bulk anatase, due to quantum size effect. Compared to commercial  TiO2 P25, 
the obtained nanorods were found to possess a higher photocatalytic inactivation 

Fig. 13  i: XRD patterns of titania particle precursors (a), titania whiskers (b),  H2Ti8O17 whiskers (c), and 
nanotubes (d); TEM images of titanate (ii) and  TiO2 whiskers (iii), titania nanotubes (iv), and sample 
obtained by thermal treatment (4 h, 110 °C) of the sonicated products followed by washing with water 
for 5 min (v). Adapted with permission from [115]. Copyright (2005) American Chemical Society
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capability against E. coli, a fact that was assigned by the authors to the increased 
bandgap, surface area, and amount of surface hydroxyl groups. The improved and 
faster inactivation performance for the nanorods was linked to the elevated hydroxyl 
radical formation.

 Since the morphological and structural features of TiNTBs (size and poros-
ity) can be controlled, the application of US irradiation towards the increment of 
these features gained more attention. Ma et al. [116] reported in 2006 the synthe-
sis of longer NTBs with a smaller diameter by a combined sonication-hydrother-
mal approach and using as precursor the commercial  TiO2 P25. Their approach was 
based on dispersing the commercial powder in a Teflon vessel filled with NaOH 
aqueous solution (10  M). Using an immersed titanium horn (probably low-fre-
quency, not specified), the suspension was sonicated at 70 °C under different soni-
cation powers (100, 280, and 380  Welec.) and varying also the duration (15, 30, and 
60 min). The vessel was placed in a stainless-steel autoclave for hydrothermal treat-
ment for 4 h at 110 °C. The obtained precipitate was washed with HCl (0.1 M) and 
deionized water until an acidic pH, centrifuged, and dried under vacuum. The role 
of the precursor on the size of the NTBs was determined by using different commer-
cial  TiO2 precursors.

The hydrothermal treatment of the nanospherically shaped P25 particles of an 
average size of ~ 30 nm without ultrasonicated pre-treatment led to minimal particle 
shape alteration. Sonication for 1 h prior the hydrothermal treatment with powers of 
100 and 280  Welec. resulted in sheet and fibrous morphologies, respectively. A typi-
cal tubular morphology was achieved (diameter: 9–14 nm and length: 100–600 nm) 
by sonication at a higher power (380 Welec.), revealing that the sonication, as well 
its power, plays a key role in the desired transformation to TiNTBs. TEM images of 

Fig. 14  TEM and HRTEM images of the as-synthesized  TiO2 nanocrystals prior the size-selective sepa-
ration (a, b) and TEM image of the final  TiO2 nanorods (c). Reprinted with permission from [115]. Cop-
yright (2005) American Chemical Society
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the initial  TiO2 P25 and the TiNTBs produced by combining high-energy sonication 
and hydrothermal treatment can be seen in Fig. 15.

The crystallinity and the chemical composition of the nanorods were investi-
gated by XRD and energy-dispersive spectroscopy (EDS) analysis. It was concluded 
that the chemical composition was H2Ti4O9.H2O (JCPDS 36-0655), while traces of 
rutile fractions were also observed. Considering that the  TiO2 P25 consisted of 70% 
anatase phase and around 30% rutile phase, the transformation of the latter phase is 
preferable, while the former type is more stable under the hydrothermal treatment 
conditions. The EDS elemental analysis showed the absolute absence of Na.

The authors also studied the effect of the higher sonication power (380 W) with-
out the hydrothermal and acid treatment. 15 min of US irradiation did not reveal the 
ability to alter the shape of the spherical particles. Increase of the irradiation time to 
30 min led to swelled nanoparticles with an average diameter of 100 nm, probably as 
a result of the spherical particles merging. By increasing the duration of irradiation 
to 60 min, the observed morphology was found to be nanorods like, with lengths in 
between 100 and 300 nm. By hydrothermal and acidic treatment after the 60 min 
of US irradiation, the length of the nanorod-like particles increased up to 600 nm. 
Additionally, the diameter of the tubes was also smaller, but the shape homogene-
ity was not so perfect. Based on these observations, it can be proposed that the US 
effects can originate the reaction of the  TiO2 nanoparticles with the base, by pro-
moting the cleavage of the Ti–O–Ti lattice bond and the intercalation of  Na+ at the 
lattice. The spherical forms are swollen and transformed to nanorods by increasing 
their length. Calcination at 300 and 450 °C of the sample obtained after the two-
step process was not accompanied with notable shape alterations (Fig. 15c, d). On 
the contrary, calcination at 600 °C led to morphology transformation of the hollow 
tubular structures to rod-like structured nanoparticles (Fig. 15e).

Interesting outcomes regarding the vital role of the precursor’s particle size 
were derived by using two other commercial  TiO2 powders instead of P25. When 
the size of the initial particles was around 10 nm (Hombikat UV100, Fig. 16a), 
the formed NTBs had inner and outer diameters and lengths of 3–6, 7–10, and 
up to 400  nm, respectively (Fig.  16b). When particles of a bigger average size 
of 200 nm (BCC100, Fig. 16c) were used as precursor, instead of tubular-shaped 
particles, sheet-like structures with rolled edges were obtained together with 
untransformed particles that were slightly changed in size and shape (Fig. 16d). 
This was linked to the fact that the formed sheet-like structures cannot transform/
roll to tubes, perhaps due to a hindrance effect by the larger particles.

Tanthapanichakoon and his colleagues showed and analyzed how the ultrasoni-
cation pretreatment can influence controllably the length of the titania NTBs [117, 
118]. Interestingly, they used a commercial precursor (KISHIDA) of a low specific 
surface area (8 m2/g) and relatively large particles (400 nm) compared to the previ-
ous reports. By using a titanium horn (probably low-frequency, not specified in the 
article), the suspension of  TiO2 in a 10 M NaOH aqueous solution was sonicated 
prior the hydrothermal treatment for 8 min with different supplied powers, from 0 
to 38.1 W. After thermal treatment for 3 days at 150 °C, the obtained suspension 
was treated/washed with HCl and  H2O. TEM analysis revealed that no US irradia-
tion led to TiNTBs (herein referred to as short) with multilayered walls (2–6 layers 
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and ~ 0.8-nm interlayer spacing), diameters from 4–6 nm, and lengths between 30 
and 200 nm. Sonication by two different powers, of 7.6 and 38.1 W, led to increase 
of the TiNTBs’ diameter. The majority of the NTBs had a length above 300 nm, 
while the diameter was in the same range with that of the short ones. Based on the 
previous analysis by XRD of the d-spacing between the adjacent layers of the tube 
walls by Suzuki and Yoshikawa, the authors concluded that the US irradiation and 
the resulted increase of the length was not accompanied with an interlayer spacing 
change. Additionally, the strong intensity diffractions of the initial  TiO2 (anatase 
phase) were totally diminish in all synthesized TiNTBs.

The dynamic light scattering (DLS) results showed average sizes of 53, 490, and 
1760 nm for the samples prepared under 0, 7.6, and 38.1 W, respectively. Addition-
ally, the size distribution was very narrow in the case without US irradiation, and the 
distribution was dramatically increased by increment of the applied US power. The 
formation of NTBs in size many folds higher the pristine particles can be linked to 
bigger peeled nanosheets prior the rolling, and/or to the connection of the formed 
tubes. An increasing trend was found between the specific surface area (SBET) and 
the power of US irradiation. The raw powder had an SBET of 8 m2/g, and the short 

Fig. 15  TEM images of  TiO2 P25 precursors (a), titanate nanotubes as received (b), after calcination at 
300 °C (c), at 450 °C (d), and 600 °C (e). Adapted with permission from [116]. Copyright (2006) Else-
vier
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NTBs 179 m2/g. The US wave exposure at the pretreatment stage led to SBET of 258 
and 245 m2/g, for US power of 7.6 and 38.1 W, respectively. The positive effect of 
ultrasonication is via the enhancement of the de-aggregation of the particles, result-
ing in the peeling thorough swelling of large nanosheets that role to NTBs [118]. 
Without US waves, the size of the peeled nanosheets and, as a result, the size of the 
formed NTBs is smaller.

The same research team studied (in 2009) the effect of different preparation 
variables and combinations like particles size of the raw  TiO2 (400 nm and 1 μm), 
temperature during the synthesis (90–180 °C), and sonication power, with valuable 
conclusions on how these variables can adjust the morphological and structural fea-
tures [117]. The hydrothermal treatment at 150 °C without sonication of the com-
mercial  TiO2 particles of size ~ 400 nm led to NTBs of an average length of 79 nm 
and a specific surface of 179 m2/g. The respective values were 143 nm and 118 m2/g 
when the largest (1 μm) raw particles were used. This was linked to the formation 
of bigger but less in number intermediate sheets during the peeling. By studying the 
effect of different temperatures (90, 120, 150, and 180 °C), it was concluded that the 

Fig. 16  TEM images of  TiO2 Hombikat UV100 precursor (a), titanate nanotubes derived by sonication-
hydrothermal treatment of Hombikat UV100 (b),  TiO2 BCC100 precursor (c), and sample obtained from 
BCC100 (d). Adapted with permission from [116]. Copyright (2006) Elsevier
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transformation of titanium dioxide to titanate was complete even at 120 °C. How-
ever, increase of the temperature to 180 °C led to a shift of the characteristic diffrac-
tion at around 10° 2θ to a higher angler (~ 12°), suggesting a narrow interlayer spac-
ing between the layers of walls. Suzuki and Yoshikawa assigned the characteristic 
XRD reflection peak at 2θ = ~ 10° of the hydrothermally synthesized  H2Ti3O7.nH2O 
NTBs to an interlayer distance of 0.92 nm [100]. An interesting parenthetical fact 
can be added at this point. The high-temperature XRD pattern obtained at 100 °C 
was almost identical with the one at room temperature, but at 200 °C, the reflection 
was shifted to 11.2°. This narrowing of the interlayer space to 0.79 nm was linked 
to the removal of the water moieties between the layers of the wall. It is worth men-
tioning that thermogravimetric analysis of the NTBs showed that above 200 °C, the 
weight loss was very limited.

Going a step further, the team of Tanthapanichakoon [117] chose to study the 
effect of temperature during the synthesis with or without US pre-treatment by using 
raw particles of an ~ 400-nm diameter, due to the fact that this raw  TiO2 gave higher 
SBET compared to the raw one with average particle size of 1 μm. The resulted spe-
cific surface areas and the morphology of the sample are presented in Fig. 17.

As can be observed, the effect of US pretreatment on the structural and mor-
phological features is loud and clear, and, additionally, it had a key effect on the 
product purity and shape homogeneity, as confirmed by microscopy analysis. At 
90  °C, NTBs, nanosheets, and remaining un-transformed crystals were detected 
either without or with US pretreatment (Fig. 18). Moreover, the use of sonication 
did not lead to higher SBET. The effect of US was dramatically more pronounced at 
a synthesis temperature of 120 °C. The length of the NTBs was much higher and 
the SBET almost doubled in value. The purity was also enhanced, since no un-trans-
formed crystals were detected after US pre-treatment. Analogous outcomes were 
derived when the synthesis was performed at 150 °C after US pre-treatment. Further 
increase to 180 °C had a negative impact on the SBET and the desired morphology, 
with the US irradiation not leading to a specific effect. The predominant shape of the 
particles was of nanowires/fibers/rods in both cases, although with a smaller diam-
eter in the case of US irradiation. The shape change was in good agreement with the 
angle shift of the XRD pattern, as was discussed above. It can be suggested that the 
thermal effects when the synthesis temperature is higher than 150 °C overcome the 
effects of the US pre-treatment.

3  PART B

3.1  Ball‑Milling‑Derived Nanomaterials

The utilization of ball milling (BM) in order to obtain  TiO2 nanoparticles includes dif-
ferent possible pathways with regard to the used raw material. The latter can be either 
elemental Ti, either  TiO2, or a different source of titanium like a mineral. The dura-
tion and the power of the BM plays a crucial role, as does the atmosphere in which 
the process takes place. The achievement of high temperature is found to be in some 
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cases a drawback, and for this reason, the ball milling is performed with breaks or 
even with the use of a liquid phase. The latter case is referred to as wet ball milling. 
In most reported cases and especially towards the formation of one dimensional  TiO2 
nanostructures, ball milling was utilized as a mechanochemical pretreatment to obtain 
metastable polymorphs, that can be further tuned in morphology by annealing or wet 
chemistry. In this part, we collected some reports in which the application of ball mill-
ing dramatically affected the final properties of the nanomaterials. Starting with 0-D 
nanomaterials and ending with 1-D materials, we tried to introduce the reported results 
following a chronological order. An emphasis was given when the nanomaterials were 
found to possess an elevated photocatalytic capability.

3.2  0‑D Ball‑Milling‑Derived Nanostructures

In 1994, Begin-Colin et al. studied the polymorphic transformation of  TiO2 from 
an anatase phase to a rutile phase by ball-milling (BM), based on XRD and Fou-
rier transform infrared (FTIR ) spectroscopy techniques [119]. They observed that 
the phase transformation was not direct, since different transient phases appeared, 
with the one of type II being predominant. However, no electron microscopy 
analysis was performed. The importance of this study was the conclusion that the 
anatase-to-rutile transformation is not a direct process. Based on that, the authors 
emphasized that the ball-milling technique is feasible to obtain alloys with vari-
ous non-equilibrium crystallographic phase materials. The intermediate crystal-
lographic phases can further be tuned with various methods, in order to obtain 
desired photocatalytic properties.

An ultimately serious drawback of the ball-milling technique, especially when 
the target is a material of a high purity, is the possibility of atmospheric nitrogen 
incorporation into the structure or metal (predominately iron) from the used ball-
milling apparatus. For instance, it was showed by Lu et  al. [120] that, depend-
ing the atmosphere and the duration of the ball milling, different doping of N 
or Fe could result, even under air. More interesting, titanium oxynitrile instead 
of oxide can be obtained within a closed ball-milling system and extension of 
the mechanochemical process for up to 90 h. In 2007, Pang et al. [121] showed 
the possibility to synthesize a composite of titanium and hydroxyapatite by a wet 
ball-milling method. Hydroxyapatite (HP),  Ca5(PO4)3(OH), is a natural mineral, 

Fig. 17  BET specific surface 
area and morphology/shape of 
titanate products synthesized 
(from raw  TiO2 of an avg. size 
of 400 nm) at reaction tem-
perature of a 90 °C, b 120 °C, 
c 150 °C, and d 180 °C without 
or with US irradiation (power of 
7.6 W). Reprinted with permis-
sion from [117]. Copyright 
(2009) Elsevier
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while modified forms of HP are the main compounds of human bones and teeth. 
The increase of milling duration led to the decrease of the grain size, as well as to 
an improvement on the homogenously distribution of nano-hydroxyapatite. Anal-
ogous composites were synthesized by ball milling the same year by Silva et al. 
starting with Ca(H2PO4)2 and  TiO2 as the raw materials [122].

In 2000, Begin-Colin et al. studied in details the kinetics and mechanisms of 
phase transformations induced by ball milling in air, starting with a commercial 
anatase  TiO2 [123]. They concluded that the anatase is transformed by BM to 
rutile via a  TiO2 II phase. The powder-to-balls ratio of weights (R) influenced the 
transformation rate. Regarding the nature of ball-milling media, the transforma-
tion’s kinetics were found faster in the case of alumina compared to steel.

Yadav et al. showed in 2015 the synthesis of titanium oxide nanoparticles from 
elemental powder of Ti (~ 0.5  mm) by ball milling for 10  h [124]. The size of 
the spherically shaped particles was between 10 and 20 nm, while XRD analy-
sis indicated a pure rutile phase. The estimated bandgap was 4.46 eV. They used 

Fig. 18  HRTEM captures of mixed titanate nanostructures obtained from raw  TiO2 (of an average parti-
cle size 400 nm) at reaction temperature of 90 °C (a) and titanate nanofibers/wires synthesized at 180 °C 
without sonication (b), and with power of 7.6 W (c). Adapted with permission from [117]. Copyright 
(2009) Elsevier
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the obtained material in order to form a solid-state sensor by pelletization and 
application to an Ag–pellet–Ag electrode configuration. This sensor was found to 
possess a sensitivity toward liquefied petroleum gas (LPG). The author linked this 
to the blue-shift of the optical bandgap and to the nanoscaled morphology of the 
obtained ball-milling-derived nanoparticles.

In 2016, Rejender and Giri [125] presented an anomalous strain-evolution, 
crystallographic phase alteration, and bandgap narrowing by strain engineering 
using ball milling and commercially available  TiO2 powder as the precursor (par-
ticle size around 80 nm and bandgap 3.14 eV). Except for the decrement in size 
to 7–18 nm, the finally obtained  TiO2 nanocrystals (NCs) found to obtain a new 
crystallographic phase of  Ti3O5, as well as a narrow bandgap of 2.71 eV.

Another interesting application of the wet ball-milling process was reported the 
same year by Jung et al. [126] for the  TiO2 nano-coating of boron particles. Briefly, 
a tungsten carbide milling jar was filled with titanium(IV) isopropoxide, boron pow-
der (average particles’ size ~ 800 nm), and hexane inside a glove box filled with nitro-
gen. The as-received suspension was further treated and washed with ethanol inside 
an US bath. They found that increase of the milling duration can lead to decrease of 
the final particle size, even up to ~ 150 nm. The particles were coated with an amor-
phous titania-containing layer (estimated 10 nm). The drawback of the extension of 
the ball milling was the incorporation of impurities, predominately tungsten, from 
the jar and balls, as can be seen in energy-dispersive X-ray (EDX) analysis (Fig. 19). 
The ball-milling-derived  TiO2-coated nanoparticles were promising for hydrogen 
and oxygen evolution reactions (HERs, OERs) in photoelectrochemical applications.

Fig. 19  TEM image (a) and EDX maps (b–d) of  TiO2-coated boron particles wet-milled for 8  h. 
Reprinted with permission from [126]. Copyright (2016) MDPI
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Another strategy to apply ball milling during the formation of  TiO2 nanoparticles 
was by mixing and ball milling of different precursors [36]. In 2007, Billik et  al. 
used either  TiCl4 with  (NH4)2CO3 or  TiOSO4·xH2O with  Na2CO3 [127, 128]. After 
ball milling, they received amorphous samples, and they linked this to no crystal-
lization having occurred. After annealing, they obtained well-crystalized materials, 
with higher photoreactivity compared to P25, determined by electron-paramagnetic-
resonance (EPR) studies. They reported also that the presence of Fe impurities 
plays a role in the photoactivity of the final material. In 2008, Salari et al. also used 
 TiOSO4·xH2O as the Ti source but NaCl as diluent [129].

3.3  1‑D Ball‑Milling‑Derived Nanostructures

An important, abundant, and cheap source used for the industrial production of bulk 
 TiO2 is the iron–titanium oxide mineral  (FeTiO3) mineral, known as ilmenite. A 
high amount of ilmenite exists in the Earth’s crust on all five continents, and on 
the Moon. The price of the raw material was around 80–107 USD per metric ton in 
2004, while a peak was achieved in 2012 reaching even 350 USD per ton. In recent 
years, the cost has been around 250 USD/ton. The global demand has grown moder-
ately in recent years, since it was estimated at around 6.4 million tons in 2010 with 
a prediction to reach above 8 million tons in 2025. The industrialized production of 
bulk  TiO2 from minerals is based on chloride or sulfate processes. In recent decades, 
there has been increased research effort to expand the use of this mineral in order to 
prepare nanostructures of  TiO2. The utilization of ball milling in order to promote 
the formation of nanostructured  TiO2 for a “real-life” application by using ball mill-
ing dates from 2008.

Li et al. (2008) [130] reported the formation of meso- and/or micro-porous hydro-
lysate  TiO2 by an initial mechanical activation of ilmenite using BM, following by 
a simultaneous dissolution and hydrolysis in a dilute sulfuric acid aqueous solution. 
The effect of the acid concentration played a key role in the structural parameters, 
with 10% sulfuric acid leading to a surface area of 258 m2/g. In order to obtain the 
rutile-phased final material, calcination was applied. The importance of this work 
was that the ball-milling pretreatment made feasible the dissolution of the mineral in 
a dilute acidic solution. For an efficient decomposition in pigment production with-
out mechanochemical utilization, an  H2SO4 solution of a concentration above 80 
wt% is required [130].

In 2011, Tao et al. prepared flower-like  FeTiO3 by pretreatment of ilmenite with 
high-energy BM followed by mild hydrothermal treatment in basic aqueous solution 
(1 M NaOH) [131]. They stated that the nano-petals comprising the final obtained 
flower-shaped particles had a thickness of 5–20  nm and sizes 100–200  nm. The 
hydrothermal treatment at 120 °C, even with 2 M NaOH, did not lead to noticeable 
changes in morphology. The obtained materials showed attractive capacitance val-
ues. Considering the above observations regarding the formation of NTBs, we can 
derive two possible conclusions/proposals. First, the presence of Fe stabilizes the 
layered structure of the nano-petals to roll to tubes. Second, the utilization of BM 
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promotes the peeling of the mineral’s particle even at a lower concentration of 10 M, 
necessary for the hydrothermal peeling of  TiO2 particles.

The formation of the 1-D nanorods obtained from ilmenite sand and the necessity 
of the metastable polymorphs formation was presented in 2008 and 2010 [132, 133]. 
It was revealed that for the formation of the nanorods, instead of other particle mor-
phologies, the formation of the metastable phases like  Ti2O3 to  Ti3O5 is crucial. The 
ilmenite mineral was ball-milled with the presence of activated carbon at a ratio 4:1 
at room temperature and under vacuum. The role of the latter as mechanical activa-
tion agent was to trigger the initial reduction to  TiO2. The obtained ultra-fine pow-
der was annealed first at different high temperatures (900–1200 °C) in order to form 
the metastable phases. The low and controlled heating rate (5–10 °C) in an argon 
atmosphere with hydrogen flow was a critical step in order to obtain the desired 
metastable phases. It was reported that the presence of nitrogen led to an alterna-
tive redox reaction and iron nitride was formed. At temperature less than 1100 °C, 
the formed phase was rutile, which could remain in the same form after the sec-
ond annealing step. The optimum duration of annealing was 8 h at 1200 °C, since 
prolonged heat treatment led to the formation of FeTi alloys. The second step of 
annealing was conducted at 700 °C in a N2–5%H2 atmosphere. The result was the 
gradual formation of  TiO2 nanorods and iron. As can be seen from the SEM images 

Fig. 20  SEM image after the second annealing step at 700 °C for only 4 h (a), SEM image (b), a cross 
section of nanorods (c), and the XRD spectra (d) after annealing for 8 h at 700 °C. Adapted with permis-
sion from [133]. Copyright (2009) American Chemical Society
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and XRD spectra in Fig. 20, the intermediate phase started to transform to nanorods 
after 4 h. The length of the nanorods was dependent on the time of annealing, and 
after 8 h, the intermediate phase was entirely transformed to rutile nanorods of the 
maximum length. Extension of the thermal treatment led to the sintering of the 1-D 
structure to coarse nanoparticles.

In 2013, Tao et al. [134] demonstrated a new method for the synthesis of  TiO2 
nanorods (single-crystal) from natural ilmenite. The BM pre-treated mineral was 
further wet-chemistry-treated by mixing in a 2 M NaOH aqueous solution for 2 h 
at 120 °C, and flower-like  FeTiO3 nanoparticles were formed, but the authors con-
cluded that this stage is an optional one. After short and mild drying, treatment with 
4 M HCl at 90 °C for 4 h took place. The proposed mechanism was based on dis-
solution to  TiOCl2 and  FeCl2, hydrolysis, and precipitation. During the hydrolysis, 
 TiO2 crystals started to precipitate and grow in a 1-D fashion. The finally obtained 
rutile  TiO2 tetragonal nanorods (Fig. 21) had a length in the range of 50–100 nm, 
width of 5–20 nm, and thickness of 2–5 nm. The nanorods have also a moderately 
high specific area for this kind of nano-structure (up to 97 m2/g). The most inter-
esting outcome was that they showed excellent photocatalytic capability towards 
the photodegradation of oxalic acid, analogous with the one of Sigma–Aldrich’s 
Degussa P25.

In 2014, Zhao et  al. [135] reported the formation of spindle-like rutile  TiO2 
nanorods from the dealloying in acidic conditions of an amorphous  Cu50Ti50 alloy. 
The latter was formed by high-energy ball milling of elemental Cu and Ti in an 

Fig. 21  SEM images of original ilmenite powder (a), ball-milled ilmenite powder (b), flower-like  FeTiO3 
nano-structures after treatment with NaOH (c), and the obtained nanorods after treatment with HCl for 
8  h (d); inset: a higher-magnification capture of the nanorods. Reprinted with permission from [134]. 
Copyright (2013) Wiley
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argon atmosphere. In order to avoid the high temperature as a result of the BM pro-
cess, after milling for 0.5 h, there was an interruption for also 0.5 h. The as-received 
material was immersed in a highly concentrated  HNO3 aqueous solution (13.14 M) 
for dealloying. The obtained nanorods (Fig. 22) revealed a good photocatalytic deg-
radation capability against the dye methyl orange under UV light irradiation, via the 
formation of radicals.

In the work of Zhao et al. [135], the involved steps/mechanism for the formation 
of the  TiO2 nanorods from the raw  Cu50Ti50 alloy were proposed (Fig. 23). Titanium 
metal cannot react with nitric acid due to the presence of an oxide film. With the 
mechanical stress that is applied from the ball milling, the dealloying starts by cor-
rosion from the outer surface and the removal of copper atoms and gradually contin-
ues to the inner part of the alloy.

Fig. 22  SEM images of ball-
milling-derived amorphous 
 Cu50Ti50 after immersing in 
 HNO3 aqueous solution for 
48 h. Reprinted with permission 
from [135]. Copyright (2014) 
Elsevier
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4  Conclusions—Prospectives

Taking into account all the above-mentioned results, it is reasonable to conclude 
that the formation of the hotspots as well the localized temperature increase dur-
ing the mechanochemical treatment can antagonize the harsh conditions created 
inside the autoclave during the hydrothermal treatment, especially when the par-
ticle size of the precursor is equal or less than that of P25. It can be suggested 
that the thermal effects during the synthesis when the temperature is higher than 
150 °C overcome the effects of the US pre-treatment. Especially in the case of a 
basic hydrothermal process, the utilization of sonication (US) as the pre-treat-
ment has a vital role in the formation of 1-D nanostructures. The US effects can 
be further explored and applied for the synthesis of novel nano-engineered mate-
rials by other methods like precipitation, targeting towards the achievement of 
specific physical, chemical, and optical features.

In general, mechanochemistry can be a useful tool toward the manipulation of 
the important and desired features for different applications. Ball milling or US 
waves play a key role in size, shape, bandgap, porosity, light absorption, etc. Con-
sidering the above observations regarding the formation of NTBs, we can derive 

Fig. 23  A schematic illustration of all the involved steps/mechanisms for the dealloying of amorphous 
 Cu50Ti50 powders to rutile  TiO2 nanorods. Reprinted with permission from [135]. Copyright (2014) Else-
vier
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two possible conclusions/proposals. First, the presence of Fe stabilizes the lay-
ered structure of the nano-petals to roll to tubes. Second, the utilization of BM 
promotes the peeling of the mineral’s particle even at a lower concentration of 
10 M, necessary for the hydrothermally peeling of  TiO2 particles.

The herein presented results showed that the mechanochemical-derived forces 
can promote the features of the catalyst, crucial for heterogeneous photocatalytic 
applications. While the main goal of the research effort towards the formation of 
1-D  TiO2 up to nowadays was focused predominately on the explanation of the 
involved steps and mechanisms, in the cases where the materials were tested as 
photocatalyst, they revealed elevated photocatalytic capabilities, equal or better 
compared to the benchmark P25 in most of the cases. The goal of the present 
work is to highlight the developments in the area mechanochemical approaches 
when designing new synthetic strategies of nanostructured materials, as well as to 
call and initiate the attention for the possibilities for future utilization and explo-
ration. We believe that nanoscaled and especially nanotubular-shaped titania can 
be further studied as photocatalyst, and we actively work towards this direction. 
Applying mechanochemistry will also be interesting to conduct for the design and 
synthesis of novel nanostructured electrodes for electrochemical catalytic reac-
tions. Even though it is impossible these two techniques are simultaneously com-
bined, the utilization of both at separate steps of synthesis can beget innovative 
approaches towards the synthesis of highly photo-active zero- and/or one-dimen-
sional titanium-based catalyst, pure or doped with heteroatoms, like nitrogen or 
metals. In-depth study of the photocatalytic properties and applications of the 
 TiO2 NTBs, as, for instance, advanced oxidation processes or biomass valoriza-
tion, can lead to interesting and important outcomes, as occurred in the case of 
their application in electrocatalysis and photo-remediation. Additionally, the use 
of a simple and economic US bath or ball-milling grinder can be utilized as a 
powerful synthetic tool. It is also important to point out that the use of mechano-
chemical processes in lab during the synthesis can lead to effects not yet studied, 
hypothesized, or imagined. Last but not least, we would like to emphasize that it 
will be absolutely beneficial if more details are provided when mechanochem-
istry is applied, such as calorimetric evaluation of the setup, luminol mapping, 
experimental setup details (horn details, photos, or a drawing), and details of the 
synthesis (yield, purity, size separation techniques, etc.).
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Abstract
The efficacy of photocatalysis strongly depends on the activity of the catalysts and 
the operational factors, especially factors associated with mass transfer and the pos-
sibility of catalyst deactivation. The use of ultrasound has great potential to enhance 
catalyst activity, during both the synthesis and actual oxidation processes due to the 
cavitational effects of turbulence and liquid streaming. This article presents an over-
view of the application aspects of ultrasound, both in the synthesis of the photocata-
lyst and applications for wastewater treatment. A review of the literature revealed 
that the use of ultrasound in the synthesis processes can result in a catalyst with a 
lower mean size and higher surface area as well as uniform size distribution. The 
application of ultrasound in the actual photocatalytic oxidation facilitates enhance-
ment of the oxidation capacity, leading to higher degradation rates, sometimes syn-
ergistic results and definitely lower treatment times. This article also presents guide-
lines for the selection of the best operating conditions for the use of ultrasound in 
photocatalytic systems and includes a discussion on the possible reactor configura-
tions suitable for large-scale operations. Overall, a combination of ultrasound with 
photocatalytic oxidation or the optimized application of ultrasound in catalyst syn-
thesis can yield significant benefits.
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1 Introduction

The presence of recalcitrant pollutants in wastewater streams has shown an increas-
ing trend in recent years, in particular due to the advent of newer chemicals required 
by human beings, such as novel pharmaceutical drugs for tackling various ailments. A 
similar trend has been seen for pesticides due to the aim to achieve higher production 
from agricultural fields. These newly developed chemical compounds are often biore-
fractory in nature and have a longer half-life than many of their predecessors and rep-
resent a challenge to the efficacy of the conventional wastewater treatment methods. 
Consequently, focus has been on developing newer oxidation schemes based on, for 
example, advanced oxidation processes [1, 2].

Among the different advanced oxidation processes proposed in recent years, photo-
catalytic oxidation based on both ultraviolet (UV) and solar irradiations is considered to 
be one of the more promising approaches. One target of such treatment is the destruction 
of complex pollutants, either completely or by converting the pollutant into smaller, eas-
ily digestible and non-toxic compounds [3, 4]. The two most important factors contribut-
ing to the efficacy of a photocatalytic oxidation system are the catalyst and the operation 
of the photocatalytic reactor, including the design [5]. The most common problems asso-
ciated with the photocatalyst are limited activity of the catalyst, uneven particle size dis-
tribution, lack of control over the catalyst morphology and possible deactivation during 
the operation. The actual operation of photocatalytic oxidation is limited by mass trans-
fer resistances based on the heterogeneous nature of the catalyst, oxidants and effluent. 
In this article, I highlight the important aspects of tackling these commonly observed 
disadvantages in photocatalytic oxidation operations using ultrasound.

The passage of ultrasound through a liquid medium causes the formation of cavities 
(either gas filled or vaporous depending on the medium). The generated cavities grow 
under the driving pressure field, controlled by the amplitude and power of the ultra-
sound, and ultimately collapse, violently releasing significant energy [6, 7]. The phe-
nomenon is described as cavitation, and the net effects are the generation of local hot 
spots, liquid circulation currents and turbulence as well as production of free radicals 
(both of the chemical compounds present and the oxidants). The effects are classified 
as being either physical or chemical, and these can be tailored based on the operating 
conditions of the ultrasound system. The physical effects, such as turbulence and micro-
mixing, are expected to be beneficial in terms of improving catalyst synthesis and elimi-
nating mass transfer resistances in the actual photocatalytic oxidation operation [8]. The 
chemical effects in terms of radical production can be synergistic for photocatalytic oxi-
dation [9]. An in-depth analysis of the application of ultrasound for both catalyst synthe-
sis and the actual operation of photocatalytic oxidation is presented in subsequent sec-
tions of this article.

2  Mechanistic Understanding of Cavitation and Its Effects

Cavitation generated by the passage of ultrasound through a liquid has been 
described as acoustic cavitation. When the ultrasound waves are introduced into the 
liquid, the rarefaction and compression cycles drive different stages of cavitation. 
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During the rarefaction cycle, the degree of stretching of the liquid molecules is 
dependent on the driving pressure amplitude. The stretching gives rise to the forma-
tion of cavities which subsequently grow based on the alternate compression/rar-
efaction cycles of the sound waves. The maximum growth of the cavities depends on 
the operating conditions, as does the final collapse process in terms of the required 
time and the type (staged or instantaneous) affecting the final pressure pulse gen-
erated. A schematic representation of the process of ultrasound-induced cavitation, 
including the different stages of the cavitation, is shown in the Fig. 1.

The intensity of cavitational collapse, which can be quantified in terms of the 
collapse pressure/temperature or the quantum of free radicals generated, is strongly 
dependent on the operating conditions. Bubble dynamics simulations can be per-
formed to understand the effect of the equipment (number of transducers, ultra-
sonic power dissipation and ultrasonic frequency) and the system operating condi-
tions (temperature and presence of additives). In general, depending on the specific 
applications, guidelines for the operating conditions can be established based on the 
required dominance of the physical or chemical effects with the required intensi-
ties [10–12]. For the case of catalyst synthesis, dominant physical effects, such as 
micro-streaming and intense turbulence, are required and hence lower frequencies 
of irradiation with lower power dissipation would be useful. For the application of 
ultrasound in photocatalytic oxidation, dominant physical effects are again required 
for the elimination of the mass transfer resistances. However, if chemical effects 
need to be dominant, then pyrolytic reactions and the production of free radicals will 
be required. This can be achieved typically through the usage of higher frequencies 
(mostly up to an optimum of about 200–400 kHz) and power dissipations.

The presence of different additives, such as salts, catalyst, gases and radical pro-
moters, can help to intensify the cavitational effects, especially in combination with 

Fig. 1  Schematic representation of different stages in acoustic cavitation
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photocatalytic oxidation [11]. Some additives help to enhance the basic cavitational 
effects, and these same additives will be equally helpful to enhance catalyst syn-
thesis, though the alterations in catalyst purity need to be looked at. The presence 
of solid particles or gases help to provide additional nuclei due to the introduced 
surface heterogeneity in the continuous liquid medium, resulting in a higher number 
of nuclei. It is also important to note that there is an optimum loading as too much 
presence will lead to scattering effects and hence reduced energy transfer. The use 
of salts can help in pushing the organic molecules towards the site of cavity col-
lapse, giving higher exposure to cavitating conditions and hence higher extents of 
degradation  in the combined operation of ultrasound and photocatalytic oxidation 
[13]. Catalysts can provide both the effects of more nuclei and enhanced formation 
of free radicals based on the intrinsic chemical mechanisms; for example, the pres-
ence of  TiO2 or CuO bestows surface activation together with heterogeneous nuclea-
tion, often yielding synergistic effects in combination approach. The use of radical 
promoters, such as hydrogen peroxide or carbon tetrachloride or ozone, enhances 
the formation of radicals due to the dissociation of the added compounds, which can 
result in a higher extent of degradation [14, 15] depending on the type of pollutant.

3  Improvements in Catalyst Synthesis Based on the Use 
of Ultrasound

Various methods have been conventionally developed for the synthesis of metal 
nanoparticles to be used as photocatalysts. Each method has also been subjected to 
variations to arrive at best conditions to control the size, shape, structure and prop-
erties of the photocatalyst. The choice and composition of the precursor is also a 
very important factor in determining the characteristics of the synthesized catalyst. 
Various conventional methods of synthesis include chemical vapour deposition, laser 
ablation, physical evaporation, solvo-thermal processes, among others [16]. Conven-
tional methods are often associated with several drawbacks, including long synthesis 
times (up to several days), requirement for various chemicals, including solvents, and 
energy-intensive conditions. In addition, it is difficult to efficiently remove the sol-
vents and precursors used in conventional synthesis methods, as well as in maintain-
ing the uniformity of the nanoparticles [16]. For example, the conventional method 
of synthesizing mesoporous titanium photocatalysts involves the use of alkyl phos-
phate surfactants [17]; however, the phosphorous becomes bound to the particles and 
there is subsequently great difficulty in removing it. Similarly, the other convention-
ally used processes, such as calcination and solvent extraction, are also ineffective in 
terms of giving the best catalyst morphology and required purity. Multiple reports on 
phosphorus-free mesoporous titanium catalysts have been published [18, 19], but the 
use of phosphorus-free titania requires very long synthesis times (up to 15 days) [20]. 
Similarly, the synthesis of CdSe photocatalysts requires thermal treatment as one of 
the important processing steps; this process process is highly energy intensive and 
demonstrates difficulty in maintaining uniform crystalline distribution [21].

Ultrasound-assisted synthesis of photocatalysts has been receiving considerable 
attention in the past few years. The local hotspots during ultrasonic cavitation are 

74 Reprinted from the journal



1 3

Topics in Current Chemistry (2020) 378:29  

able to reduce the metal to form nanoparticles. The advantages of using ultrasound 
is its simplicity, application in ambient conditions, energy efficiency, rapid reactions 
and fast synthesis, uniformity in formation and distribution [22–24]. An analysis 
of the important reports that have been published on the sonochemical synthesis of 
semiconductor photocatalysts are presented in the following paragraphs. The first 
photcatalyst described is  TiO2, which is often the most recommended photocatalyst.

Pinjari et  al. [25] studied the synthesis of  TiO2 based on the sol–gel process, 
focusing on understanding the effect of calcination and sonication time. These 
authors noted that the use of ultrasound and the sonication time did affect the phase 
transformation from anatase to rutile, a very important observation considering the 
possible application of this phase transformation in the photocatalysis. Typically, 
rutile content and crystallinity increased with calcination time and both were higher 
for the catalyst obtained using ultrasound-assisted approach (US in Fig. 2) compared 
with the silent conditions without use of ultrasound (NUS in Fig. 2). They also dem-
onstrated that optimum sonication time was required to obtain the best rutile content 
in the obtained catalyst and that the use of ultrasound resulted in higher yields, with 
an actual yield of 95% compared to the 83.22% yield with the conventional approach 
without ultrasound [25]. In another study [26], the same group reported their eluci-
dation of the effect of ultrasonic amplitude on the phase transformation, reporting 
that an optimum amplitude does exist for obtaining the best results for the yield, 
rutile content and the crystallinity. The reported effect of amplitude on rutile content 
and crystallinity has been reproduced in Fig. 3 to demonstrate a quantitative under-
standing of the results. The existence of the optimum amplitude was attributed to 
the fact that the introduced heat energy due to collapse of cavities is not utilized for 
the phase transformation. Also, the process of acoustic shielding based on too much 
cavitation around the surface of transducer reduces the effective energy transfer and 
hence lower cavitational intensity is observed that in turn drives lower phase trans-
formation. The vaporization of 2-propanol due to excess heat energy dissipation at 
higher power dissipations locally shifts the equilibrium, resulting in lower yields and 
also lower cavitational intensity, again contributing to lower rutile content. 

A mesoporous  TiO2 having a wormhole structure was effectively synthesized 
using very high-intensity ultrasound [20]. The first step included the formation of 
bare-TiO2 using ultrasound-assisted hydrolysis and subsequent controlled conden-
sation, and the second step included tailoring the particle size using high-intensity 
ultrasound. The reported advantages of this process were rapid synthesis, high activ-
ity and thermal stability. Similarly, the synthesis of mesoporous bicrystalline  TiO2 
containing anatase and brookite phases showing high photocatalyst activity was 
reported using a tri-block copolymer [27]. The application of ultrasound resulted in 
the enhanced content of the brookite phase, which was favourable for higher activity. 
The other reported benefit of the use of ultrasound was obtaining mesoporous  TiO2 
with narrow pore size distribution. In addition, a reduction in the synthesis time was 
observed based on enhancements in the hydrolysis of the precursor, crystallization 
and extraction of the surfactants used during the synthesis.

Apart from the application of ultrasound for the synthesis of native  TiO2, there 
have also been reports of ultrasound being used for the synthesis of composites 
based on  TiO2. Sonochemical synthesis was used to develop a novel-shaped  TiO2/
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WO3 photocatalyst [28]. The source of the ultrasound was an ultrasonic horn operat-
ing at a frequency of 20 kHz and a power intensity of 100 W/cm2. It was reported 
that nanomaterials having a diameter of 8–12 nm that were square and hexagonal in 
shape were obtained within a total synthesis time of 9 h, including the steps of cal-
cination and drying. Brunauer–Emmett–Teller (BET) surface area analysis revealed 
that the obtained surface area of 1.38 m2/g was higher than that of other nanocom-
posites reported in the literature. A simple ultrasonic bath synthesis method for the 

Fig. 2  Effect of calcination time and use of ultrasound on the rutile content and crystallinity of synthe-
sized  TiO2.  NUS Approach without the use of ultrasound, US ultrasound-assisted approach. Reproduced 
from Pinjari et al. [25]
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CdSe-TiO2 photocatalyst has also been reported [21]. CdSe acts as a photosensitizer 
and adds the visible light spectrum for  TiO2 application and also prevents recombi-
nation, resulting in higher activity. In that study, an ultrasonic bath enhanced the uni-
formity of the photocatalyst and reduced the synthesis time [21]. In a different study, 
CdS/TiO2 nanoparticles were synthesized, with sonoluminescence used to produce 
nanoparticles of different sizes, morphologies and shapes [29]. The application of 
ultrasound was based on the horn-type system, and different transducers operating at 
various frequencies were used to study the effect of frequency. It was clearly estab-
lished that the effect of ultrasonic intensity was dominant in defining the morphol-
ogy and shape of the nanoparticles. Figure  4 shows that both nanorod and nano-
particle structures are produced and that the morphological characteristics depends 
on the ultrasonic frequency. This figure also reveals that with an increase in ultra-
sound frequency the diameter of the spherical nanoparticles increases slightly and 
the probability of the occurrence of the rod-like structure is decreased. The observed 
trend indicates that lower frequency drives the higher crystallinity of CdS, possi-
bly attributable to the dominance of physical effects [29]. In another study, Shende 

Fig. 3  Effect of ultrasonic amplitude on the rutile content and crystallinity of synthesized  TiO2. Repro-
duced from Prasad et al. [26]
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et  al. [30] studied the synthesis of Graphene–Ce–TiO2 and Graphene–Fe–TiO2 
nanocomposites in the presence of ultrasound (horn-type system with a frequency 
of 22 kHz and rated power dissipation of 200 W). The proper formation of the com-
posites was confirmed based on the X-ray powder diffraction (XRD) analysis. X-ray 
fluorescence analysis confirmed the presence of metals (Ce and Fe) in the obtained 
catalyst. Subsequently, the obtained catalyst was also successfully demonstrated 
to show excellent activity for degradation of crystal violet dye. Comparison of the 
different catalysts revealed that the Fe-based composite showed a higher degrada-
tion rate constant than both the Ce-based composite and the bare graphene–TiO2 
[30]. The presence of Fe or Ce helped in enhancing the charge transfer, as shown in 
Fig. 5 which reproduces the schematic representation of the proposed mechanism. 
Also, the rate of the recombination of the electron–hole pair reduced to drive the 
higher photocatalytic oxidation activity. 

Another modification in the application of  TiO2 as the catalyst is the use of metal 
doping with the objective of enhancing the interfacial charge transfer in photocata-
lytic degradation processes. Metal deposition is the most frequently studied modi-
fication for  TiO2 in terms of effects on the photochemical properties of its surface. 
Metal deposition involves the loading of metal nanoparticles at the  TiO2 surface by 
either photodeposition [31] or impregnation [32]. UV irradiation on metal-modified 
 TiO2 surfaces induces a Fermi level equilibration between the metal and  TiO2 via 

Fig. 4  Understanding the effect of ultrasonic frequency on the morphology of the obtained CdS/TiO2 
nanocomposite. a CdS/TiO2, 20 kHz; b CdS/TiO2, 25 kHz; c CdS/TiO2, 30 kHz; d CdS/TiO2, 35 kHz; e 
CdS/TiO2, 40 kHz. Reproduced from Li et al. [29]
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charge distribution, thereby shifting the Fermi level, leading to a more efficient 
electron transfer in the system. The purpose of doping semiconductors is to cre-
ate defect states in the band gap to enhance the interfacial charge transfer. These 
defect states trap the VB holes and CB electrons, thereby inhibiting and retard-
ing the recombination of holes and electrons. The type of dopant used is critical 
in determining the overall activity of the photocatalysts. There have been multiple 
reports on sonochemical synthesis of metal-doped  TiO2. For example, Ambati and 
Gogate [33] studied the synthesis of iron-doped  TiO2 catalyst using the ultrasound-
based approach and compared the efficacy of the ultrasound-assisted approach with 
the conventional sol–gel method in terms of the difference in characteristics of the 
obtained catalyst. Optimum synthesis conditions in terms of the irradiation time, 
extent of doping, type of solvent and temperature were established. These authors 
reported that the particle size obtained with the ultrasound-assisted approach was 
99 nm and much smaller than that obtained with conventional approach, i.e. 325 nm 
(see Fig. 6 for the particle size distribution data). The XRD analysis results reported 
by these authors (see Fig. 7) allowed the doping efficacy to be established on the 
basis of the diffraction peaks at a specific angle. More importantly, the crystallite 
size for the catalyst obtained using the ultrasound-based approach (~ 25.4 nm) was 
lower than that observed for the conventionally obtained catalyst (~ 31.2  nm). In 
addition, the results of the scanning electron microscopy (SEM) analysis established 
that the surface was more uniform, and the UV–Vis band gap energy estimations 
demonstrated beneficial results for the ultrasound assisted approach [33]. In another 
study, Stucchi et al. [34] demonstrated that ultrasound increased the loading of Ag 
and Au onto the semiconductor surface. These authors reported that the deposition 
of silver using the conventional method resulted in a narrow distribution of nano-
sized particles (typical range 0.5–3  nm) and that while the use of ultrasound did 
not increase the dispersion, but it did provide a higher quantum of Ag being loaded. 
The application of ultrasound induced the growth of Ag crystallites over the  TiO2 

Fig. 5  Proposed mechanism for the charge transfer during the application of nanocomposites for photo-
catalytic degradation. Reproduced from Shende et al. [30]
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surface as aggregates, leading to higher material deposition. The increased loading 
of Ag also enhanced the visible light absorption of the semiconductor, subsequently 
increasing the photocatalytic degradation of acetone [34]. Uniform coating and dis-
tribution of gold on titanium dioxide has been reported to be effectively achieved 
under sonication  in another set of investigations [35, 36]. Ultrasonically loaded 
gold nanoparticles onto the  TiO2 surface readily accept the electronic charges dur-
ing photoexcitation due to their highly ordered distribution, thereby preventing elec-
tron–hole recombination processes. Similarly, N, Cl-co-doped  TiO2 was synthesized 
from titanium(IV) butoxide and ammonium chloride using the sonochemical method 
[37]. The authors reported that sonication shifted the start of absorption toward a 
lower energy, thereby subsequently improving the crystallinity of the semiconduc-
tor. Another advantage reported was the rapid synthesis within 4 h. In a recent study, 
nanosized (4–5  nm)  TiO2 particles on graphene were reported to be synthesized 
within a few hours with no surfactant using sonication [38]. In that study, graphene 
facilitated electron transfer and prevented recombination in UV light spectrum for 
photodegradation  giving enhanced effects. Another novel method of nanoparticle 
synthesis was based on the pH swing method combined with ultrasound. pH swings 

Fig. 6  Particle size analysis for Fe-doped  TiO2 catalysts using dynamic light scattering (DLS) for the 
ultrasound-assisted approach (a) and the conventional approach (b). Reproduced from Ambati and 
Gogate [33]
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along with ultrasonic irradiation proved effective in controlling the size of  TiO2 nan-
oparticles, leading to more effective degradation in the subsequent application [39]. 

ZnO-based photocatalysts, in addition to  TiO2 photocatalysts, have also received 
considerable attention for their use in the degradation of organic pollutants. Here 
I discuss the various reports on ZnO photocatalyst synthesis using ultrasonication. 
Both undoped and Dy-doped ZnO synthesized by sonication were found to yield 
good photodegradation results due to the uniformity of the synthesized nanorod-
structure morphologies [40]. In that study, an ultrasonic bath operating at 35 kHz 
was used as the source of ultrasound during the synthesis of the catalyst. In another 
study, silica coated ZnO was synthesized using ZnO, tetraethoxysilane (TEOS), 
and ammonia mixed in an ethanol–water medium [41]. The authors of that study 
reported that the use of sonication could reduce the time of synthesis to 2 h. Sim-
ilarly, in another study, the application of sonication successfully produced larger 
lattice volumes in Mg-doped ZnO photocatalyst [42]. In that work, ultrasound was 
applied using an ultrasonic processor operating at a power intensity of 800 W/cm2 
and a frequency of 25  kHz. The authors reported that the obtained nanoparticles 
of ZnO doped with Mg(II) had a spherical shape and that all particles were almost 
similar in size [42].

Other than  TiO2- and ZnO-based photocatalysts, various other semiconductor 
nanomaterials have also been effectively synthesized using sonication. For example, 
the  Bi2O3 photocatalyst was effectively synthesized using a simple sonochemical 
method in which polyvinylpyrrolidone (PVP) surfactant was used to control grain 
sizes and morphologies [43].  Bi2O3 could be synthesized within 75 min and showed 
86% photodegradation of methyl orange in the actual photocatalytic oxidation appli-
cation. In another study, Ag/AgCl nanocubes using a PVP precursor were rapidly 
synthesized ultrasonically within 35  min [44]. The ultrasonically synthesized Ag 

Fig. 7  X-ray diffraction pattern reported for both the ultrasound-assisted approach (a) and the conven-
tional assisted approach (b) for the synthesis of Fe-doped  TiO2 catalyst. Reproduced from Ambati and 
Gogate [33]
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nanocubes were effectively applied for the visible light photodegradation of methyl 
orange, rhodamine B and methylene blue. An interesting middle-sagged CaSn(OH)6 
microcube morphology, which could not be synthesized by conventional methods, 
was reported to be uniformly synthesized sonochemically [45]. The obtained cata-
lyst sonochemically demonstrated higher photodegradation activity and stability as 
compared to the conventionally prepared catalyst with different morphology. Other 
interesting sonochemically synthesized photocatalysts that have been found to dem-
onstrate superior performance  in photocatalysis or easier synthesis process  for the 
catalyst as compared to conventional methods are Nano  BiPO4 and silver-doped 
 BiPO4 nanostructures [46],  CdWO4 nanoparticles [47] and Ag-PbMoO4 [48].

4  Sonophotocatalytic Degradation

In sonophotocatalytic processes, the photocatalytic degradation of contaminants is 
supplemented with the physiochemical effect of ultrasonic cavitation. The hydroxyl 
radicals generated during the collapse of cavities provide a synergistic effect with 
the electron–hole generation in the photocatalyst for inducing oxidation reactions. 
Sonophotocatalytic (SPC) degradation has been studied widely to provide synergis-
tic effects of sonolysis and photocatalysis in the combined process. The expected 
benefit of using ultrasound with photocatalysis is that ultrasound promotes the 
mechanical disaggregation of catalysts, enhancing the surface area for photocatalytic 
degradation. Also, it enhances the formation of reactive hydroxyl radicals by sonoly-
sis and thereby abatement of the effect of electron–hole recombination in photodeg-
radation [49]. In addition to these beneficial effects on photocatalysis, the presence 
of solid catalysts also supports the cavitation phenomena. The heterogeneity due 
to the presence of solids favours the generation of cavities based on the nucleation 
events and, consequently, the overall cavitational activity increases, further contrib-
uting to the synergy.

4.1  SPC Reactors

Studies on SPC degradation have generally involved batch reactors and three com-
monly used approaches [50–54]. One approach involves the use of a bath-type 
sonicator (with ultrasonic transducers at the bottom of the reactor) with a UV/light 
source at either the top of the vessel or immersed in the solution using quartz tubes, 
as shown in Fig. 8. A second approach involves the use of a horn-type sonicator in 
a cylindrical reactor, with UV light provided from the opposite direction, as shown 
in Fig. 9. The third configuration is based on sequential sonolysis (with horn) and a 
UV reactor (separate and not combined operation of ultrasound/UV), with a pump 
to drive the solution through the system, as shown in Fig.  10. It is important to 
understand that though these options are commonly used, most studies have been at 
the laboratory scale and these may not be scaled up effectively to large-scale opera-
tion. A major factor in deciding the commercial application is the need for continu-
ous reactors. Also, an optimized design needs to be looked at based on the use of 
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multiple transducers for ultrasound and multiple UV lights. There are some configu-
rations for continuous flow reactors, although these are not commonly reported for 
research purposes [55]. The important parameter in the design is the position and 
number of UV light sources and the transducers. In addition, the power dissipation 
per unit volume of the reactor also needs to be properly chosen.

Some of the guidelines to be taken into consideration for the optimum design 
of combination reactors are as follows:

1. Select lower frequencies of irradiation (typically in the range of 20 to 200 kHz) so 
as to have dominant physical effects that can help in enhancing the mass transfer 
rates and also in cleaning the catalyst. In addition, there will always be some 
contribution to the chemical effects of hydroxyl radical formation.

Fig. 8  Various commonly used sonophotocatalytic (SPC) reactors based on bath-type sonicator reactors 
with transducers and ultraviolet (UV) light. a With direct contact of ultrasound, b with indirect contact of 
ultrasound. Adopted from Mishra and Gogate [50] and Gole et al. [51]
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2. It is better to have multiple transducers so that the cavitationally active volume 
can be on a higher side. This will also allow operating at a lower intensity of 
irradiation, resulting in a more intense collapse of cavities.

3. It is recommended to select multiple frequencies of irradiation that can give simi-
lar contributions of physical and chemical effects (e.g. a combination of 20 kHz 
with 200 kHz would be ideal). Also, the frequencies can be tuned to give resonant 
and standing wave effects that drive a maximum intensity of cavitational collapse.

Fig. 9  Various commonly used SPC reactors based on the horn-type ultrasonicator in combination with 
UV light. Adopted from Taghizadeh and Abddlahi [52] and Ahmedchekkat et al. [53]

Fig. 10  Configuration of SPC reactors based on sequential sonolysis (horn-type sonicator) and photolysis 
(UV light) reactor. Adopted from González AS and Martínez [54]
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4. It is better to use simultaneous ultrasound and UV or solar irradiations so that 
synergism can be obtained. This operation will also ensure that the catalyst is 
kept clean during the entire operation, resulting in higher degradation efficacies.

5. For the UV irradiation, it is better to use designs that yield a uniform distribution 
of the incident lights. Annular locations of UV and ultrasonic irradiation sources 
would be a good geometry to look at [55].

6. Large-scale designs can also involve the inclusion of mechanical mixing, espe-
cially when a slurry-type operation is looked at. This will also allow the intro-
duction of gases or solid catalysts as radical promoters to provide overall higher 
oxidation capacity.

A possible model design based on the combination of solar and/or UV irradia-
tions with multiple transducers is shown in Fig. 11. The ultrasound part of the sys-
tem is based on a large tank-type reactor equipped with transducers at the bottom 
(typical cleaning tank or ultrasonic bath-type system) and on the sides (parallel 
plate-type system offering the possibility of creating standing waves). The pitch of 
the arrangement of the transducers at the bottom of the reactor can be such that a 
uniform distribution of the incident sound energy is obtained. The photocatalytic 
part of the system can be mainly based on the concentrating parabolic-type reflec-
tors suitable for application involving direct sunlight. In addition, mercury vapour-
based UV lamps can be introduced into the annular space or directly dipped in the 
effluent, with adequate protection provided by the quartz tube being a necessity. The 

Fig. 11  Schematic representation of the model SPC reactor

85Reprinted from the journal



 Topics in Current Chemistry (2020) 378:29

1 3

immersed tubes should be at a location where there is no interference with the pas-
sage of the ultrasound. The system can be tuned to use the appropriate combination 
of solar and UV irradiations, depending on the operating conditions (incident inten-
sity of solar irradiation, initial loading of the effluent, etc.). The irradiation time for 
UV irradiations can be adjusted to a minimum based on the composition of the efflu-
ent, which should result in savings due to the maximum use of natural resources. 
Agitation would be required so as to appropriately distribute the solid catalyst in 
suspension as well as to achieve mixing of any supporting oxidants introduced in 
the system. The proposed design should offer flexibility in both batch and continu-
ous modes of operation, depending on the application to a specific effluent treatment 
plant.

4.2  Synergy Index

The synergy index is an important factor governing the efficacy of the hybrid pro-
cesses, and it has been quantitatively measured in most of the studies conducted to 
date. The value of this index provides a quantitative estimate of the enhancement of 
performance by using the combination of sonolysis with photocatalysis. Synergy is 
measured using the rate constants obtained for US + catalyst, UV + catalyst and the 
SPC oxidation process; however, there are variations in the calculations based on the 
individual processes studied [49]. The general representation of the synergy index 
can be given as:

where K is the rate constant for the specific processes mentioned in the subscript in 
the equation. For the process to be synergistic, or for a positive enhancement using 
combinations, the synergy index has to be more than unity. The actual value of the 
synergy index has been seen to strongly depend on the type of pollutant, mostly on 
the rate of utilization of the generated hydroxyl radicals by the pollutants depend-
ing on the specific reactivity. For example, the kinetic rate constant reported for the 
combined US + UV + TiO2 approach applied for the degradation of ofloxacin was 
0.1054  min−1, whereas the combined rate constants for the individual approaches 
were 0.0916  min−1, giving an synergistic index of 1.15 [56]. In another study on 
the degradation of rhodamine B [57], a synergy index of 2.76 was reported for the 
combined operation at the optimum ultrasonic operating condition of a power of 
210 W. Sunasee et al. [58] reported a synergy index of 2.2 for the degradation of 
bisphenol A using ultrasound at the optimum power of 50 W and  TiO2 (Degussa 
P25) as the photocatalyst. Vinoth et al. [59] studied the SPC degradation of methyl 
orange as the model pollutant using  TiO2–NiO photocatalysts obtained with differ-
ent NiO loading. These authors reported that under optimum 10 wt% NiO loading, 
a synergy index of 4.8 was obtained for the combination approach applied using 
the diffused sunlight [59]. For selecting the possible combination of ultrasound with 
photocatalysis, the synergy index needs to be established based on feasibility studies 

Synergy Index =

KUS+UV+Catalyst

KUS or US+Catalyst + KUV+Catalyst

,
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performed at the laboratory scale, before the actual application at the commercial 
level depending on the cost–benefit analysis.

4.3  Overview of Reported Studies on SPC Degradation and Guidelines 
for Operating Conditions

A number of recent studies on SPC degradation [60–93] are summarized in Table 1 
in terms of the operating conditions applied for sonolysis and photocatalysis, the 
pollutant studied and the main results obtained in the work. Some of the represent-
ative cases for the most commonly applied catalysts, such as  TiO2 and ZnO, are 
discussed in the following subsections to provide a better insight into the expected 
intensification and controlling mechanisms.

4.3.1  Use of  TiO2 Catalyst

Neppolian et al. [94] studied both the synthesis of the catalyst and subsequent deg-
radation of 4-chlorophenol using ultrasound  combined with photocatalysis.  TiO2, 
GO (graphene oxide)–TiO2 and Pt–GO–TiO2 were sonochemically synthesized 
and compared for their SPC degradation efficiency. The results clearly established 
that the frequency of ultrasonic irradiation was an important factor in determining 
the extent of degradation and that the effect was not synergistic, but additive. Plat-
inum-doped GO–TiO2 showed the best degradation performance for 4-chlorophe-
nol at acidic pH [94]. A similar additive effect was seen for the SPC degradation 
of diclofenac using Fe–TiO2 [95]. The observed effect, i.e. additive or synergistic, 
depends strongly on the pollutant in question. A synergistic effect was reported for 
the use of gold-doped  TiO2 in the SPC degradation of simazine, a herbicide, with 
1.38- to 1.68-fold enhanced mineralization for the combined approach compared to 
the sonochemical and photocatalytic processes separately [96]. The reported trends 
for the kinetic rate constant (K) obtained for different processes as a function of 
catalyst loading are shown in Fig.  12. This graph shows that the rate constant of 
degradation reached an optimum with respect to the catalyst loading and also that 
the rate constant for the combination approach was higher than that for the indi-
vidual processes separately. The results for the mineralization of simazine reported 
in the study using the various approaches in the absence and presence of Au–TiO2 
(1.5  g/L as the optimum loading) confirmed the role of the catalyst in enhancing 
the mineralization and also the better efficacy of the combination approach. Another 
study on a low-cost Fe–TiO2 photocatalyst demonstrated a total decolourization of 
Orange II dye using sonophotocatalysis in the visible light spectrum [84]. The study 
also confirmed the synergistic effects of the combination of ultrasound and UV irra-
diations. Studies in which different ultrasonic frequencies (250, 500 and 1000 kHz) 
were used confirmed that the best results were obtained at 500 kHz. Test results also 
established that total decolourization is achieved by the combined process based 
on visible light, without any formation of hazardous byproducts. A recent study 
reported that along with the increase in the final degradation percentage of oflaxcin, 
the rate of degradation was also higher in SPC oxidation due to the faster formation 
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of oxidizing radicals [56]. The data shown in Fig. 13 in terms of the observed rate 
constants clearly establish the synergy for the combined operation. The data also 
confirm the utility of the catalyst in enhancing the rate of degradation, especially 
in the ultrasound-assisted approach. It was also reported in this study that ofloxacin 
degradation efficacy could be improved with addition of the  H2O2 and that the opti-
mum level was 0.14 mM/L for the best results. 

The observed effects for the combination can be strongly dependent on the 
operating conditions, which determine the rate of utilization of the generated 

Fig. 12  Data on variation of the kinetic rate constant (K) with Au–TiO2 loading for the SPC (filled dia-
monds), sonocatalytic (filled triangles) and photocatalytic (filled circles) degradation of the herbicide 
simazine. Reproduced from Sathishkumar et al. [96]

Fig. 13  Data for the effect of the treatment process on the degradation of ofloxacin (OFX). Data repro-
duced from Hapeshi et al. [56]
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hydroxyl radicals as well as the form of the pollutant in the medium. A detailed 
study on the degradation of trichloroacetic acid using a UV/TiO2/US combined 
process revealed that the maximum extent of degradation for the combined pro-
cess largely depended on the pH and the speciation of the parent compound [97]. 
In all cases, however, SPC degradation was always showing better efficacy than 
sonolysis or photolysis alone. A study performed by Tabasideh et al. [71] on the 
degradation of diazinon showed that maximum degradation using the SPC pro-
cess with iron-doped  TiO2 was obtained under acidic conditions (pH 5.5), while 
a much lower degradation was observed in strongly alkaline conditions (pH 9.5). 
These authors also noted that the effect of pH was dominant in the case of pho-
tocatalytic oxidation alone and less significant in the case of SPC oxidation (see 
Fig. 14).

Catalyst loading also plays a major role in determining the efficacy of SPC 
oxidation. For example, Tabasideh et al. [71] studied the effect of catalyst loading 
over the range of 0.2–0.6 g/L and reported that optimum catalyst loading did exist 
at 0.4 g/L. These authors reported that significantly higher loading of the catalyst 
interfered with both the passage of ultrasonic energy and the transmission of light 
energy, resulting in detrimental effects. In addition, the negative effect of catalyst 
loading beyond the optimum was more dominant in the case of only sonocatalytic 
oxidation as compared to SPC oxidation [71] (see Fig. 15).

Several studies have also focussed on the effect of doping of the catalyst on 
SPC processes. Reddy et al. [81] studied various iron loadings and reported that 
96% degradation of naphthol-blue-black dye was observed at the optimum load-
ing. Multi-walled carbon nanotubes (CNTs) deposited with Fe–TiO2 under both 
visible and UV light showed enhanced formation of reactive radicals and pre-
vention of electron–hole recombination, with sonophotocatalysis giving the bet-
ter results [98]. These results show that the use of doping or composites defi-
nitely helps in enhancing catalyst activity as compared to bare forms of the oxide 
catalyst.

Fig. 14  Data for the effect of pH on the degradation of diazinon in presence of Fe-doped  TiO2 using 
photocatalytic (a), sonocatalytic (b) and SPC (c) treatment approaches. Data reproduced from Tabasideh 
et al. [71]
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4.3.2  Use of ZnO Catalyst

Zinc oxide has been reported to be an active catalyst for the SPC (UV + US) degra-
dation of phenol [86]. The synergistic effect was demonstrated, with about 89% deg-
radation achieved, which was higher than that achieved by sonochemical and photo-
catalytic degradation separately. Comparison of the two catalysts used in the work, 
ZnO and  TiO2, confirmed better efficacy for the ZnO catalyst (Fig. 16) in all treat-
ment approaches, which the authors attributed to its higher ability to absorb energy 
in the spectrum. Acidic pH was reported to be preferred for SPC degradation of 
phenol due to the increased formation of hydroxyl radicals [86]. In two other stud-
ies, heterogeneous ZnO-based SPC oxidation was reported to degrade 98% of the 

Fig. 15  Data for the effect of catalyst loading on the degradation of diazinon in presence of Fe-doped 
 TiO2 using photocatalytic (a), sonocatalytic (b) and SPC (c) treatment approaches. Data reproduced from 
Tabasideh et al. [71]

Fig. 16  Effect of type of catalyst and the treatment approach on the degradation of phenol. Data repro-
duced from Anju et al. [86]

98 Reprinted from the journal



1 3

Topics in Current Chemistry (2020) 378:29  

dye using 95 W of ultrasonic power for only 20 min [76], and ZnO-decorated CNTs 
showed 49% rhodamine B degradation under SPC conditions [99]. The effect in the 
latter study was reported to be pronounced due to the prevention of electron hole 
recombination as a result of the presence of CNTs [99]. A synergistic effect was also 
reported for the use of Pr-doped ZnO catalysis combined with sonochemistry, lead-
ing up to 89% degradation for the sonocatalytic degradation of AR17 dye [100].

4.3.3  Guidelines for the Operating Parameters

Based on the critical analysis of the literature and personal expertise in the research 
field, the following useful guidelines for the selection of the operating parameters 
can be given so as to maximize the degradation or mineralization efficacy:

1. Operating pH plays a key role in deciding the efficacy of treatment. In general, 
acidic conditions are favoured although it also depends on the dissociation coef-
ficient of the pollutants present in the system. It is also possible that the effects 
are less pronounced in the combined approach, and exact intensification should 
be quantified before deciding on the pH adjustment. This is even more important 
in the case of commercial effluent treatment schemes as usually the discharge 
conditions mandate neutral pH conditions.

2. Catalyst loading needs to be properly decided so that all of the catalyst is in 
proper suspension in the reactor and that it is also not affecting the passage of the 
incident irradiations in the reactor. An optimum catalyst loading usually exists, 
which can be established using laboratory studies for the specific applications in 
question.

3. Use of radical promoters, such as hydrogen peroxide or persulphate, can bestow 
beneficial results, especially when the free radical attack is the controlling mecha-
nism for oxidation and the rate of reaction between the radicals and pollutant 
molecules is also substantially high. This is important as the generated hydroxyl 
radicals must be utilized quickly so as to get any beneficial results. Use of per-
sulphate offers simultaneously acting oxidation mechanism based on the sulphate 
radicals.

4. The observed synergy for the combined approach as compared to individual 
approaches is also dependent on the pollutants in question. Specifically, if the 
sonochemical oxidation is based on the pyrolytic mechanism of oxidation, sig-
nificantly beneficial results may not be obtained as the combination is typically 
accelerating the free radical formation. This has also been confirmed based on 
the reported data for the synergy in Table 1.

5. Use of doping and composites allow the utilization of the solar bandwidth which 
can result in a cost-effective operation. Consequently, the utilization of such cata-
lyst forms is recommended as compared to the traditionally used single oxide 
forms. This is also important to obtain a catalyst that can be recycled back into 
the operation, leading to favourable economics for the treatment system.

6. Use of gases has been reported to enhance the degradation efficacy, especially 
in terms of enhanced sonochemical activity and also the production of a higher 
quantum of radicals. Taking the operating costs into consideration, especially 

99Reprinted from the journal



Topics in Current Chemistry (2020) 378:29

1 3

those on the commercial scale, the use of gases such as air is recommended in 
contrast to argon which has been reported to be quite effective by researchers on 
the laboratory scale.

7. It will be important to select optimum power dissipation for both the ultrasonic 
and UV irradiations from the perspective of restricting cavitational effects to the 
optimum possible extent and in terms of restricting the overall costs of the treat-
ment.

5  Concluding Remarks

The aim of this article was to demonstrate the beneficial effects of using ultrasound 
during the catalyst synthesis processes as well as the actual application of ultrasound 
in the photocatalytic oxidation. The key benefits in the catalyst synthesis process 
include lower particle size, higher surface area and better control over the mor-
phology of the particles. The synthesis conditions in terms of ultrasonic power and 
time of application play a key role in determining the benefits and economics of the 
process. The application of ultrasound has been established to be beneficial for all 
forms of photocatalysts, including bare, composite and doped photocatalysts. Ultra-
sound often opens alternative synthesis routes for efficiently obtaining nanocatalysts 
[101] that are also active in the visible light region, making it very attractive propo-
sition for commercial applications in wastewater treatment.

In the case of SPC treatment, it is important to note that the beneficial effects 
are generally observed when free radical formation and the attack of free radicals 
on the pollutants are the controlling mechanisms. The extent of intensification (less 
than the additive effect or the synergistic effect) typically depends on the pollut-
ant in question and mostly on the utilization of the generated free radicals and the 
problems of catalyst poisoning in the individual operation. It should be noted that 
ultrasonic power is an important factor in determining the efficiency of the process, 
and the choice of power presents a trade-off between economic aspects and degra-
dation efficiency. Optimum power dissipation will usually be recommended, using 
multiple transducers, thus giving lower intensities of irradiation. Also, operation at 
a lower frequency (e.g. in the range 20–100 kHz) would be more suited for ultra-
sound. Additional operating parameters, such as pH and temperature, also need to 
be optimized as these are strongly dependent on the specific pollutant in question. 
Typically, doped photocatalysts perform better under SPC conditions than do bare 
catalyst. Similarly, the enhancement of charge transfer and abatement of electron 
hole recombination based on modifications, such as using GO sheets or CNTs as a 
support for the catalyst, has an additional synergistic effect on the SPC degradation 
efficiency. The use of solar irradiation instead of UV light is preferable for the appli-
cability and possibility of a scale-up of the process; using doping to enhance the 
light adsorption spectrum to include visible light is practical for this purpose. The 
addition of radical promoters, such as  H2O2, can also be advantageous although the 
exact effect needs to be established for specific compounds.

Overall, the application of ultrasound offers a lucrative approach for improv-
ing the catalyst synthesis process, and the actual application of ultrasound in the 
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photocatalytic oxidation and tailored operation can indeed yield synergism, leading 
to much more effective treatment in a cost-effective manner.
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Abstract
Ferrites are a large class of oxides containing  Fe3+ and at least another metal cat-
ion that have been investigated for and applied to a wide variety of fields ranging 
from mature technologies like circuitry, permanent magnets, magnetic recording and 
microwave devices to the most recent developments in areas like bioimaging, gas 
sensing and photocatalysis. In the last respect, although ferrites have been less stud-
ied than other types of semiconductors, they present interesting properties such as 
visible light absorption, tuneable optoelectronic properties and high chemical and 
photochemical stability. The versatility of their chemical composition and of their 
crystallographic structure opened a playground for developing new catalysts with 
enhanced efficiency. This article reviews the recent development of the application 
of ferrites to photoassisted processes for environmental remediation and for the syn-
thesis of solar fuels. Applications in the photocatalytic degradation of pollutants in 
water and air, photo-Fenton, and solar fuels production, via photocatalytic and pho-
toelectrochemical water splitting and  CO2 reduction, are reviewed paying special 
attention to the relationships between the physico-chemical characteristics of the 
ferrite materials and their photoactivated performance.
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1  Ferrites: Structure, Synthesis and Properties

1.1  Structure of Ferrites

Ferrites—whose etymology is from the Latin word ferrum meaning iron—are a 
large class of oxides containing  Fe3+ and at least another metal cation that have been 
investigated and applied as powder, films or ceramic bodies for the last 50 years. 
They are classified according to their crystal structure and the way the oxygen 
anions are arranged around the metal cations, as spinel, garnet, magnetoplumbite 
and orthoferrite. While spinel and garnet ferrites both crystallize within a cubic 
structure, magnetoplumbites and orthoferrites crystallize within a hexagonal and 
orthorhombic structure, respectively.

1.1.1  Spinel Ferrites

Spinel ferrites are compounds with a general chemical formula  MFe2O4, where M 
refers to a divalent metal cation, and that crystallize in a crystallographic structure 
isomorphic with that of the naturally occurring mineral spinel  MgAl2O4  (AB2O4 
as general composition). They crystallize in a cubic symmetry structure containing 
eight formula units  A[B]2O4, with a rigid sublattice of 32 closely packed oxygen ani-
ons giving rise to 64 tetrahedral (A)-type and 32 octahedral [B]-type interstitial sites 
partially occupied by 24  M2+ and  Fe3+ metal cations (Fig. 1). Depending on the syn-
thetic conditions, tetragonal unit cells can be obtained as well [1]. In the spinel fer-
rites, the electrical neutrality is maintained by  M2+ and  Fe3+ cations occupying both 
tetrahedral and octahedral interstitial sites. The interstitial fourfold and sixfold sites 
have rt and ro radii in the 0.055 nm < rt < 0.067 nm and 0.070 nm < ro < 0.075 nm 
range, so that they can be occupied by many transition metal cations with d0 to d10 
electronic configurations.

The octahedral vs. tetrahedral site occupation—and therefore the spinel ferrite 
structure—is reported to be driven by the electrostatic contribution to the lattice 
energy, the cation radii, the cation charge and the crystal field effect. The reader can 
refer to the work of Sickafus et al. [2]. According to the  M2+ and  Fe3+ metal cation 
balance between both tetrahedral and octahedral sites, the spinel ferrites are catego-
rized as follows:

• Normal spinels (M2+)Td[Fe3+]Oh
2
O

4
 , in which the smaller divalent  M2+ cations 

occupy only the tetrahedral A-sites and the trivalent  Fe3+ cations occupy the 
octahedral B-sites, e.g.  ZnFe2O4 or  CdFe2O4.

• Inverse spinels (Fe3+)Td[M2+
Fe

3+]OhO
4
 in which the divalent  M2+ cations are 

located in the octahedral B-sites, while the trivalent  Fe3+ cations are equally dis-
tributed between both tetrahedral A-sites and octahedral B-sites, e.g.  MgFe2O4, 
 CoFe2O4,  CuFe2O4,  NiFe2O4,  NiCoFe2O4,  CuMnFe2O4 or  MgCuFe2O4.

• Mixed spinels (M2+
x
Fe3+

y
)
Td
[M2+

1−x
Fe3+

2−y
]
OhO4 , in which both the divalent  M2+ and 

trivalent  Fe3+ cations are distributed between both tetrahedral A-sites and octa-

108 Reprinted from the journal



1 3

Topics in Current Chemistry (2020) 378:6  

hedral B-sites, e.g.  NiZnFe2O4,  MgZnFe2O4,  ZnMnFe2O4,  MnNiFe2O4, 
 CuZnFe2O4 or  NiCuZnFe2O4.

Some spinel ferrites, such as  MgFe2O4,  CaFe2O4 and  BaFe2O4, are also reported 
to crystallize as orthorhombic phases [3–5] (Fig. 1c).

1.1.2  Garnet Ferrites

Garnets are ferrites with a general chemical formula  M3Fe5O12, where M is a rare-
earth cation. They crystallize in the structure of the  X3Y2(SiO4)3 silicate mineral 
garnet, in which the X and Y sites are usually occupied by divalent  (Ca2+,  Mg2+, 
 Fe2+) and trivalent  (Al3+,  Fe3+,  Cr3+) cations, respectively, while the  (SiO4)4− units 
provide a tetrahedral framework [6]. They crystallize in the cubic system, within a 
relatively complex structure based on a unit cell composed of eight formula units. 
Three kinds of cation sites coexist within this structure, and the cation distribution is 
usually expressed as {M3}(Fe3)[Fe2]O12. The M rare-earth cations occupy the larg-
est dodecahedral (eightfold) sites, while the  Fe3+ cations distribute among both tet-
rahedral (fourfold) and octahedral (sixfold) sites. By contrast to the spinel structure, 
the oxygen sublattice is better described as a polyhedral arrangement rather than as 
a close-packed one.

Fig. 1  Crystallographic structure of  AB2O4 spinel ferrites schematizing the different crystallographic 
sites: a normal spinel, b inverse spinel and c orthorhombic. Reproduced with permission from Ref. [1]. 
Copyright SPIE
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1.1.3  Magnetoplumbite Ferrites

Magnetoplumbites are synthetic ferrites first prepared at Philips Lab in the 1950s and 
they mainly share the general chemical formula  M2+Fe12O19, where  M2+ can be  Ba2+, 
 Pb2+,  Sr2+ or  Ca2+. Although they are labelled also as hexaferrites, they crystallize in 
a hexagonal or rhombohedral symmetry structure. In addition to the  MFe12O19 form 
(labelled as M-type ferrite, Fig. 2), they can be categorized within five other groups, 
consisting in  M1–4Me2Fe12–36O22–60 type ferrites. While  M2+ is considered as a large 
divalent cation,  Me2+ represents usually a smaller divalent first-row transition metal 
cation such as  Co2+,  Fe2+,  Zn2+ or  Ni2+. They are consequently categorized as Z-type 
 (Ba3Me2Fe24O41), Y-type  (Ba2Me2Fe12O22), X-type  (Ba2Me2Fe28O46), W-type ferri-
tes  (BaMe2Fe16O27) and U-type  (Ba4Me2Fe36O60) ferrites [7]. The most studied mag-
netoplumbites are ferrites containing Ba and Co as divalent cations, but a large range 
of cation-substituted hexaferrites have been investigated, especially M, W, Z and Y 
ferrites containing Sr, Zn, Ni and Mg. Hexaferrites can also form many solid solu-
tions, and partial substitution with trivalent or tetravalent cations can be performed. 
The reader can refer to the review by Pullar for in-depth analysis [7].

1.1.4  Orthoferrites

Orthoferrites are ferrites with a general chemical formula  MFeO3, where M is very 
often a rare-earth cation, an alkali metal cation or an alkaline earth metal cation. 
They crystallize in a distorted perovskite structure with an orthorhombic symmetry 
and an  ABO3 formula unit, in which  FeO6 as a rotary tilted  BO6 element fills the 

Fig. 2  Perspective view [8] (left) and polyhedra (right) of the unit cell in the case of the M-ferrite struc-
ture  (BaFe12O19) (Fe blue, Ba green, O red). Reproduced with permission from Ref. [7]. Copyright Else-
vier and Wiley
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empty space left around the A cation (Fig. 3). In this structure, the Fe cations occupy 
octahedral sites and are sixfold coordinated to oxygen anions, while the larger M 
cation is 12-fold coordinated to anions [9]. While the ideal perovskite-type structure 
displays a cubic symmetry with a unit cell composed of four formula units in which 
the atoms are touching one another, the deviation from the ideal perovskite structure 
to give pseudo-cubic—mainly orthorhombic—symmetry has been rationalized by 
Goodenough [10]. He introduced a tolerance factor t applicable at room temperature 
to the empirical ionic radii and materializing the stability and the distortion of the 
crystal structure within the following range:

For instance, lanthanum orthoferrite  LaFeO3 shows a high Goldschmidt tolerance 
factor of 0.954, indicating that the distorted structure maintains a high level of sym-
metry, while the yttrium orthoferrite  YFeO3 structure displays a far lower symmetry 
with a lower tolerance factor of 0.855 [11].

1.2  Preparation Methods

Progress in the synthesis of orthoferrites and spinel ferrites has been driven in the 
last decades by the technological interest aroused by the ferrite materials in various 
interdisciplinary application fields and by that derived from their tunable magnetic 
properties. Whether they are categorized as bottom-up or top-down approaches, or 
as chemical or physical methods, a large variety of preparation methods have been 
investigated for synthesizing ferrite nanoparticles. Among them, co-precipitation, 
sol–gel methods, thermal methods and solid-state reactions remain the most popu-
lar strategies implemented for elaborating catalysts for heterogeneous photo-Fenton 
or photocatalysis, whereas a large (non-exhaustive) panel of methods such as sono-
chemical, microemulsion, reverse micelle, electrospinning, polyol, electrochemical, 

0.75 < t =
(r

A
+ r

O
)

√

2(r
B
+ r

O
)

< 1.

Fig. 3  Crystallographic struc-
ture of  MFeO3 orthoferrites with 
distorted perovskite structure 
(orthorhombic crystal sym-
metry). Adapted and reproduced 
with permission from Ref. [12]. 
Copyright AIP Publishing
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Fig. 4  Schematic diagrams of some selected less conventional synthesis methods. a Laser pyrolysis, 
which uses a laser for the decomposition of materials by heating gas-phase reactants in an oxygen-poor 
environment. b Flame spray pyrolysis, which is the latest of the flame aerosol technologies, and consists 
in a one-step combustion process with self-sustaining flame where less volatile precursors are in liquid 
form, with significantly higher combustion enthalpy (> 50% of total energy of combustion), usually in an 
organic solvent. c Electrospraying technique, which is similar to electrospinning with the exception that it 
forms nanoparticles rather than nanofibres. Reproduced with permission from Ref. [17]. Copyright Royal 
Society of Chemistry
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(auto)combustion, vapour deposition, laser ablation or flame spray pyrolysis meth-
ods have been also reported (Figs. 4, 5) [13–16].

For applications in photocatalysis or photo-Fenton processes, the specific surface 
area exposed, the crystallinity as well as the possibility to tune the intrinsic proper-
ties of the ferrites (such as the surface redox properties, the bandgap values or the 
light absorption profile) are the main criteria to be considered for selecting the syn-
thesis method. The cationic or anionic mono- or bisubstitution within the defined 
structure of the ferrites is an elegant and powerful way to tailor those properties. 
Further, as far as the catalysts need to operate in a manner consistent with the con-
straints of industrial implementation, whether it concerns liquid or gas-phase appli-
cations, the synthesis method should allow the ferrite catalyst to be immobilized 
on macroscopic supports. In addition, since most of the methods require a thermal 
treatment for increasing the crystallinity of the ferrite materials, the methods ena-
bling a lower temperature to be achieved are preferred because they do not impact 
too strongly on the specific surface area. Therefore, the chemical syntheses in solu-
tion remain the preparation methods of choice, among which co-precipitation, 
sol–gel methods and thermal methods are the most popular ones.

1.2.1  Co‑precipitation Method

The co-precipitation is a very common and fast synthesis method consisting in 
favouring the simultaneous precipitation of insoluble or low solubility products 

Fig. 5  Schematic diagrams depicting microemulsion-based syntheses. a Typical reverse micelle sys-
tem, which is a water-in-oil microemulsion where the polar head groups of the surfactants creating the 
aqueous core reside towards the inside, whereas the organic tails of the surfactant molecules are directed 
towards the outside. b One-microemulsion synthesis method. c Two-microemulsion synthesis method in 
which the microemulsions carrying the separate reactants are mixed together in the appropriate ratio. 
Reproduced with permission from Ref. [17]. Copyright Royal Society of Chemistry
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formed under high supersaturation conditions, from aqueous solutions of metal pre-
cursors, through pH adjustment and use of precipitating agents. The overall process 
in solution consists in nucleation, growth, coarsening and/or agglomeration pro-
cesses that are highly difficult to uncouple, while a final thermal treatment is needed 
for decomposing the intermediate precipitate into the usable ferrite as well as for 
crystallizing the oxide. The co-precipitation method has been successfully used for 
synthesizing a large variety of spinel ferrites [18–23] or orthoferrites, mono-, bi- or 
non-substituted.

1.2.2  Sol–Gel Methods

The sol–gel method is a versatile approach in which a metal alkoxide solution under-
goes hydrolysis and condensation polymerization reactions, with the formation of a 
sol and subsequent cross-linking to form a gel. It requires usually a final heat treat-
ment for removing volatile byproducts and crystallizing the ferrite material. It takes 
advantage of a relatively low annealing temperature compared to solid-state reac-
tions for maintaining a relatively high surface area. It generally benefits from its 
simplicity, low implementation costs and tunability for preparing a large range of 
spinel ferrites [24–28] and orthoferrite structures [29–33] with controlled compo-
sition, structure and morphology. One can note that the sol–gel method combined 
with combustion was used for preparing  BaFe12O19 and  CoFe12O19 hexaferrites 
(magnetoplumbite structure) [26, 34].

Pechini developed a modified sol–gel method for materials which do not have 
favourable hydrolysis equilibria, and in which the metal ions undergo complexa-
tion through the addition of bi- or tridentate organic chelating agents [35, 36]. The 
method builds on the principles of sol–gel chemistry involving small-molecule 
chelating ligands that in the initial step form a solution of metal–chelate complexes. 
It takes this further to convert the mixture into a covalent polymer network to entrap 
the metal ions. The use of chelating agents allows stable complexes to be formed 
with a large variety of metals and gets rid of the requirement that the metal has to 
form stable hydroxo species. The underlying strategy of the method lies in the delay 
of the thermal decomposition of the organic matrix in order to afford more con-
trol over the growing ceramic phase. While citric acid is the most popular chelating 
agent (i.e. citrate method), it can be also replaced by ethylenediaminetetraacetic acid 
(EDTA), which has the advantage of chelating most metals and, with four carboxy-
late groups, it is easily cross-linked to form a gel. When ethylene glycol is used in 
association with citric acid, the key reaction is the esterification between citrate and 
ethylene glycol (Fig. 6). The metal salt dissolved in water with citric acid and eth-
ylene glycol forms a homogeneous precursor solution containing the metal–citrate 
chelate complexes, while the heat-induced polyesterification between the citrate and 
ethylene glycol creates an extended covalent network. The method requires a final 
calcination step for combusting the organic matrix and forming the oxide. It became 
very popular for synthesizing ferrite materials, notably owing to its ability to form 
a polymeric precursor where two or more metals may be dispersed homogeneously 
throughout the network [37, 38].
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1.2.3  Thermal Methods

The thermal methods are mainly based on thermal decomposition [39], as well as 
on hydrothermal [40–43], solvothermal and microwave-assisted methods. While the 
thermal decomposition consists in the simple decomposition of precursors, organic 
solvents and surfactants during heat treatment to get the ferrite, the other methods 
are driven by the need to lower the temperature used for crystallization in order for 
the ferrite to maintain a suitable specific surface area. Hydrothermal and solvother-
mal usually differ in terms of solvent, aqueous vs. non-aqueous, respectively, in 
which the soluble metal salts are dissolved. Temperature, pressure, synthesis dura-
tion as well as choice of solvent, of precursors and of additional surfactant are the 
main synthesis parameters impacting on the physico-chemical properties of the fer-
rites [13, 14, 44, 45]. While the temperature can be as high as 500 °C for the ther-
mal decomposition method, it can be decreased to 100–200  °C for solvothermal, 
hydrothermal and microwave-assisted methods. However, although the microwave-
assisted syntheses allow shorter reaction durations to be achieved, they suffer usu-
ally from low synthesis yields.

1.2.4  Solid‑State Reaction Methods

Besides the bottom-up chemical syntheses in solution reported above, the solid-state 
reaction methods are a suitable top-down approach consisting in treating solid pre-
cursors at high temperature, usually oxides or carbonates, for inducing solid–solid 
diffusion, with a further stabilization/crystallization of the ferrite defined struc-
ture.  CoFe2O4,  CuFe2O4,  NiFe2O4 and  Ni1–xMnxFe2O4 spinel ferrites have notably 
been synthesized [46–49]. However, the obtained ferrites usually suffer from low 
specific surface area when compared to chemical synthesis in solution. Therefore, 
the mechanical milling method has been implemented as a high-energy collision 

Fig. 6  Esterification reaction occurring between citric acid and ethylene glycol in a typical Pechini pro-
cess (top). Proposed schematic of the process of making metal/organic gels (bottom). Reproduced with 
permission from Ref. [36]. Copyright Royal Society of Chemistry
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top-down approach method using planetary ball mill, high-energy shaker or tumbler 
mill for inducing proper conditions in which solid-state chemical reactions can take 
place, mostly through mechanical activation or mechanochemistry. However, while 
the method is low-cost and time-saving with easy up-scaling, it suffers notably from 
strong contamination problems during prolonged milling, non-stoichiometric struc-
ture, non-uniform size distribution and low crystallinity.

Further, many more or less complex and versatile bottom-up or top-down meth-
ods have been implemented for preparing ferrite materials, alone or as part of the 
main popular methods described above. Without being exhaustive, one can list nota-
bly microemulsion, flame spray pyrolysis, auto-combustion, vapour deposition, liq-
uid exchange, self-reactive quenching, or electrospinning. The reader can refer to 
the reviews by Kefeni et al. [13] and Tatarchuk et al. [24], or directly to the original 
research cited therein.

Finally, it is worth noting that the optimal physico-chemical properties that the 
ferrite materials need to exhibit are highly dependent on their application fields, so 
that putting into perspective the advantages vs. disadvantages of the different prepa-
ration methods remains in many cases inappropriate.

1.3  Ferrite Properties

Ferrites are generally considered as being thermally and chemically stable in aque-
ous systems [44], and the Pourbaix diagrams indicate that most of the ferrites are 
stable in most of the alkaline or near-neutral media used in photoelectrochemical 
cells [9]. However, ferrites are reported to suffer from corrosion in acidic media [50, 
51]. Independently of the crystallographic structure, the mono- or bisubstitution of 
the cations within the ferrite materials is known to affect many of their physico-
chemical properties, including the resistivity (conductivity), the optical properties 
(reflectivity), the bandgap energy, the energy position of both valence and conduc-
tion bands, or the p/n-type behaviour [9]. Therefore, the controlled cationic single- 
or multisubstitution in the ferrite network, whether A- or B-sites are concerned, 
became an elegant, versatile and promising way to tune both bulk and surface phys-
ico-chemical properties of the ferrite-based photocatalysts used for environmental 
(water and air depollution) and solar fuel applications.

The specific surface area exposed by the ferrite materials is strongly depend-
ent on the preparation method. However, the ferrite catalysts generally exhibit 
low to medium specific surface area (< 100  m2  g−1) in contrast to lab-made or 
commercially available titania photocatalysts that can reach high surface areas of 
200–350  m2  g−1 thanks to the implementation of adequate synthesis approaches. 
Table  1 reports some selected spinel ferrites and orthoferrites, substituted or not, 
with their specific surface area, crystallite size and isoelectric point together with 
their preparation method and final calcination temperature. It highlights to what 
extent the synthesis method impacts on some properties of the materials. It has to 
be mentioned that maintaining a relatively low or moderate calcination temperature 
does not necessarily guarantee ferrites with a high specific surface area; in contrast, 
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it may result in materials with low crystallinity and therefore with a low photoactiv-
ity due to a high recombination rate.

Most of the ferrite materials are semiconductors and take advantage of being 
able to absorb visible light owing to a bandgap of about 2 eV (corresponding to 
wavelengths lower than 621  nm). This contrasts with the very popular anatase 
 TiO2 reference material, whose bandgap of 3.2 eV allows only the absorption of 
UV light, corresponding to wavelengths lower than 388 nm. Most of ferrites dis-
play energy positions of both valence and conduction bands suitable for either 
the oxidation of water, the reduction of protons and/or the generation of active 
hydroxyl radicals from water and the reduction of dioxygen into the superoxide 
radical, as necessary for environmental and water splitting applications. Figure 7 
gathers the band positions of the most popular ferrite materials with  AB2O4 spi-
nel structure. Similarly to their influence on the reactivity in thermal catalysis 
[52, 53], the chemical nature of the substituted metals and the magnitude of the 
mono- and bisubstitution ratios are known to influence some of the physico-
chemical properties directly affecting the reactivity in photocatalysis, such as the 
optical properties via the bandgap energy and the material reflectivity, the con-
ductivity [54–56] as well as the n/p-type behaviour of the semiconductor [57, 58].

The p or n nature of the spinel ferrite influences the positions of both conduc-
tion and valence bands, and consequently the bandgap value as well. This can 
be evidenced in the case of the  MgFe2O4 spinel ferrite, with a conduction band 
for the p-ferrite being 1.8 eV more cathodic compared to its n-counterpart, and 
bandgap being ca. 0.3 eV smaller for the p-ferrite. By contrast, the p- or n-nature 
of the  ZnFe2O4 ferrite has been reported to only affect the band position, for the 
p-ferrite being ca. 1.2 eV more cathodic compared to its n-counterpart.

Growing interest has been paid to  ABO3 transition-metal oxide orthoferrites 
thanks to a small bandgap (2.0–2.7 eV), that allows the catalyst to be activated by 
visible light, and that results from the relative location of valence and conduction 

Fig. 7  Band positions of the most popular spinel ferrites in contact with aqueous solution referenced to 
normal hydrogen electrode (RHE) (right pH 0 and left pH 14) relative to the standard potentials for the 
oxidation and reduction of water, as well as for the reduction of dioxygen into the superoxide radical and 
the oxidation of water into the hydroxyl radical. Adapted from Ref. [9]
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bands, mainly comprising strongly mixed  eg states of Fe 3d and O 2p states, and 
of the  t2g states of Fe 3d, respectively. For instance,  LaFeO3, one of the most 
common and promising perovskite-like ferrite catalysts, is usually reported with 
a bandgap between 2.0 and 2.6 eV, depending on the synthesis method and their 
resulting physico-chemical properties [37, 82]. Ansari et al. used  CoFe12O19 hex-
aferrites as photocatalyst with a 3-eV bandgap [34]. By contrast Zielinska-Jurek 
et al. graphically estimated the bandgap of the  BaFe12O19 semiconductors mate-
rial at 1.0 eV [26].

1.4  Towards More Efficient Ferrite‑Based Photocatalytic Materials

Ferrite semiconductor-based photocatalysis and photoelectrochemistry have 
attracted attention because of the ability of the ferrite materials to absorb and con-
sequently use visible light—and therefore to directly convert the solar energy—for 
performing surface redox reactions allowing environmental remediation to be imple-
mented and solar fuels to be synthesized. During the photocatalytic process, the 
recombination of the photo-generated electron–hole pairs plays a highly negative 
role. Thus, similarly to the wide-bandgap semiconductor  TiO2, considered as the 
most frequently used semiconductor photocatalyst under UVA light, the photocata-
lytic efficiency of the ferrites is usually defined by the abundance and stability of the 
photo-generated charges (electron and holes). Therefore, efforts have been devoted 
to extending the lifetime of such charge carriers, i.e. to slow down their recombina-
tion rate. Many approaches have been investigated for that purpose, including the 
modification of the shape of the nanoparticles or of their chemical compositions 
through the design and fabrication of semiconductor heterostructures, hybrid nano-
composites, doped-nanostructures or more generally multiphase materials.

The design of semiconductor heterojunctions is a general and very promis-
ing strategy for elaborating ferrite-based photocatalysts with improved efficiency, 
whether the reactions concern environmental applications (water and air depollu-
tion) or the solar fuel field for the energy-related applications  (CO2 conversion or  H2 
production). Basically, a heterojunction can in general be schematically described 
as the interface between two different semiconductors with unequal band structure, 
which can result in band alignments [59, 60]. In recent years, most of the stud-
ies were devoted to the creation of controlled heterojunctions with anatase  TiO2 
of different morphologies absorbing UVA light, or with the smaller gap graphitic 
g-C3N4 semiconductor absorbing visible light, as well as to the design of visible-
light-responsive ferrite/ferrite interface heterojunctions. Whatever the configuration 
investigated, the heterojunction strategy was mainly implemented for use as photo-
catalysts and photoelectrodes for energy applications. Details are given in the further 
corresponding sections.

In some cases like for conventional Z-scheme heterojunctions, there is no physi-
cal contact between both systems and the charges migrate through donor/acceptor 
pairs [61]. Depending on the bandgaps and on the relative position of the valence 
and conduction bands of both semiconductors, the engineering of ferrite-based het-
erojunctions aims (1) to separate spatially the photo-generated charges to extend the 
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charge carrier lifetime thanks to efficient semiconductor/semiconductor interfacial 
charge transfers and/or (2) to use the ferrite semiconductor as a solid visible light 
absorption/harvesting system for the photosensitization of wider-bandgap semicon-
ductors (i.e.  TiO2).

The reader can refer to the critical reviews by Low et al. [62] and Jang et al. [63] 
that extensively depicted and systematically discussed the basic principles of vari-
ous heterojunction photocatalysts, namely conventional heterojunctions of type I–III 
depending on the relative positions of both bandgaps, p–n heterojunctions, direct 
Z-scheme heterojunctions (including solid-state Z-scheme) as well as graphene-
based heterojunctions.

The elaboration of metal–ferrite semiconductor junctions is another strategy fol-
lowed by different research groups reported in the next sections of this review. The 
supported metals consist usually in nanoscale metal islands on the semiconductor. 
The junction forms an electric field that facilitates the separation the photo-gener-
ated electrons and holes [64, 65], together with the formation of local space–charge 
separation zones at the interphase. Beside their role in enhancing the lifetime of the 
charge carries, the supported metallic nanoparticles also act as co-catalyst in differ-
ent innovative ferrite-based systems used as photocatalysts or photoelectrodes for 
hydrogen production and  CO2 reduction (see “Ferrite-Based Photocatalysts and Pho-
toelectrodes for EnergyApplications: Hydrogen Production and  CO2 Reduction”).

The association of ferrites nanoparticles with adsorbent materials such as mont-
morillonite or palygorskite clays is also reported in the field of environmental reme-
diation for trying to take advantage of the synergistic effect of adsorption and cataly-
sis (see “Ferrite Photocatalysts for Environmental Applications: WaterDetoxification 
and Air Depollution”).

Finally, the cationic doping of ferrite—usually depicted as partially substi-
tuted ferrites—is a very promising approach investigated by many research groups 
for improving the efficiency of the ferrite photocatalysts and photoelectrodes, and 
reported in the next sections. Indeed, whatever the crystallographic structures of the 
catalysts, the compositional versatility of the ferrites—e.g. as  A1–xA′xB1–yB′yO3±δ 
or  A1–xA′xB2–yB′yO4±δ in the case of orthoferrites or spinel ferrites, respectively—is 
a great advantage for modifying many bulk and surface physico-chemical proper-
ties of the ferrites, including their textural, structural or electronic properties, and 
as a result for tuning the redox and catalytic ability of the ferrites through A- and/or 
B-site cationic partial substitution.

The objective of improving the efficiency of the ferrite-based photocatalysts and 
photoelectrodes requires investigating charge trapping and recombination as well 
as understanding the factors affecting the related processes. Furthermore, deeper 
understanding of the relationship between the physico-chemical properties of the 
ferrite-based systems and the catalytic behaviour and efficiency indicators under vis-
ible or solar light is absolutely necessary. In particular, understanding the physico-
chemical phenomena taking place in the bulk, and at the surface and the interfaces 
of the multicomponent systems, is of high interest, as well as understanding the cat-
alytic mechanism(s) taking place in such systems, and how the material design can 
orientate the efficiency indicators.
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2  Ferrite Photocatalysts for Environmental Applications: Water 
Detoxification and Air Depollution

2.1  Introduction

Photocatalysis as an advanced oxidation process has been applied for water treat-
ment and for air depollution. These processes are based on the formation of highly 
oxidative species that can convert recalcitrant organic pollutants into mineral com-
pounds, i.e.  CO2,  H2O and mineral acids. Ferrites are among the catalysts that can 
be employed. The main properties of those materials are their high stability and the 
good mobility of the oxygen in the network and so the ability to form vacancies 
and to stabilize metals with unusual oxidation states [13, 16]. In this scenario, fer-
rites have been employed in both fields (water and air treatment), taking advantage 
of their activation by visible light to generate the species that carry out the photo-
catalytic process [44]. Applications of ferrites in environmental remediation include 
not only their use as photocatalysts but also as catalysts in intensified processes by 
simultaneously applying single processes with the purpose of obtaining a higher 
efficiency by reducing the inherent drawbacks of each single treatment [31, 37].

2.2  Ferrite Photocatalysts for Water Detoxification

There are several works dealing with the use of ferrite catalysts for the treatment 
of water by photocatalysis (Table 2). The first ones were reported in 2015 by Zaha-
rieva et  al. [85] and Mahto et  al. [86]. In the first case, the authors synthesized 
 Cu0.25Fe2.75O4 by a co-precipitation method with a further thermal treatment and 
applied it for the degradation of malachite green. They obtained better activity than 
the reference  TiO2-P25. In the second case,  Fe3O4,  MnFe2O4 and  ZnFe2O4, also 
obtained by co-precipitation, were employed to degrade azo dyes in aqueous solu-
tion. Materials were functionalized with citric acid to improve the photoactivity.

Recently, other methods, as mentioned in “Ferrites: Structure, Synthesis and 
Properties”, have been employed for the synthesis of ferrites such as combustion 
route, electrospinning and sol–gel [34, 87, 88]. Ansari et  al. synthesized a cobalt 
hexaferrite,  CoFe12O19, by sol–gel method and using a natural agent as reducing 
agent: maltose and fructose. In order to increase the activity, the nanoparticles were 
supported on carbon nanotubes or graphene sheets. The effect of the reducing agent 
as well as the calcination temperature was evaluated. The bandgap value of 3.0 eV 
allowed their use in the photocatalytic degradation of methyl orange under visible 
light. The authors obtained 75% of methyl orange degradation in 50 min of reaction 
as well as a higher activity when the ferrite was supported owing to an improved 
charge separation and a lower charge recombination.

CaFe2O4, with spinel structure, was obtained by electrospinning by El-Rafei’s 
group [87]. The material showed good magnetization, a key parameter for recovery 
purposes in water treatment, as well as photoactivity under simulated sunlight. The 
study focused on the effect of heat-treatment temperature and showed the need for 
treatment above 800 °C to get a well-formed ferrite phase.
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The last technique employed for the synthesis of ferrite as photocatalysts for water 
treatment is the autocombustion route as performed by Patil et al. [88]. In this case, 
the authors got  ZnFe2O4 by using sugar cane as fuel. The resulting material showed 
a bandgap value of 2.8 eV and was used for two objectives: as photocatalyst for dye 
removal and for antibacterial purposes. The data indicated that complete removal 
of mixed dyes after 150 min was achieved as well as good inhibition of Escherichia 
coli, Staphylococcus aureus and Pseudomonas aeruginosa.  ZnFe2O4 showed good 
reusability over a minimum of four cycles.

However, the perovskite specific surface areas are usually quite low and, in most 
cases, the activity can be limited by this parameter. In order to increase the activity, 
they have been immobilized on different supports like montmorillonite and active car-
bon. A few works have been developed in this sense. It is worth highlighting the works 
of Peng et al. [29] and Roonasi and Mazinani [89]. In the former,  LaFeO3 was depos-
ited on montmorillonite and employed to oxidize rhodamine  B in water [29]. The 
composite photoactivity was higher than that of pristine  LaFeO3, which was associ-
ated with adsorption onto the surface. They got complete degradation of rhodamine B 
in 75 min, but the main drawback was that the total organic carbon (TOC) evolution 
was not followed during the time course of the photoreactions. Roonasi and Mazinani 
[89] supported barium ferrite on active carbon for the discoloration of dyes in water. 
When comparing the unsupported ferrite with the supported one, data showed that the 
photoactivity improved when adding active carbon owing to a synergetic effect.

Other strategies have been developed to improve the activity, too. Among them, 
coupling semiconductors in heterojunctions has gained importance. In this context, 
it is worth highlighting the employment of  LaFeO3/SnS2,  LaFeO3/AgBr,  BiFeO3/
BiOI and  Ag3PO4-CoFe2O4-GO, the last one with a double improvement by the 
addition of an adsorbent. In the first case,  LaFeO3 was obtained by a hydrothermal 
method and was well dispersed in  SnS2 nanosheets [40]. Better activity than pristine 
 LaFeO3 was observed for tetracycline oxidation. In parallel, Song et al. [90] obtained 
a  LaFeO3/AgBr composite, used for rhodamine B removal. They got a faster move-
ment of charges with the 10%  LaFeO3/AgBr. In these two cases, the enhancement 
of the photoactivity could be ascribed to the prevalence of Z-scheme mechanism 
of charge transfer. The synthesis of a  BiFeO3/BiOI composite by wet impregnation 
was carried out by Malathi et al. [91]. The authors designed a photocatalyst that was 
quite active and stable after several runs. The 2%  BiFeO3/BiOI afforded the maxi-
mum activity for complete rhodamine B depletion within the first 60 min of reaction 
and after three sequential cycles of reaction. The good activity was related to the 
efficient charge separation of photoinduced hole–electron pairs by transferring the 
electrons from the BiOI to  BiFeO3 surface [91]. Finally, the last work with compos-
ites was performed by Zielinska-Jurek et al. [26]. In this case, the role of ferrites was 
to provide a magnetic core to a  TiO2/SiO2-coated material for recovery purpose after 
application. Figure 8 shows the high-angle annular dark-field (HAADF) images of 
the catalyst for illustration.

The last recently reported strategy deals with the partial substitution of cations in 
the ferrite structure. A few works have developed this method thus far. Jamil et al. 
synthesized a  BaFe1–xCuxO3–δ material [38], the group of Rashmi et  al. prepared 
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 ZnSmxFe2–xO4 [21] and recently Garcia-Muñoz et al. obtained a  La1–xTixFeO3 ferrite 
by sol–gel method [37].

A Pechini synthesis of  BaFe1–xCuxO3–δ catalyst led to a material rich in oxygen 
vacancies that was successfully employed for the degradation of atrazine in aque-
ous solution. The best photoactive catalysts comprising  BaFe0.95Cu0.05O3–δ provoked 
90% atrazine removal (in 180 min of reaction) that resulted not only from the vacan-
cies created during synthesis but also from the higher surface area [38]. In contrast, 
 ZnSmxFe2–xO4 nanoparticles were synthesised by co-precipitation method. In this case, 
the insertion of  Sm3+ ions in the  ZnFe2O4 spinel matrix increased the lattice parameter 
and crystallite size leading to an extension of the light absorption spectrum toward the 
visible range as Sm content increased up to x = 1.5 with narrow bandgap (1.42 eV). 
This fact reduced the recombination of electron and holes, thereby improving the deg-
radation of methyl orange [21]. A modified Pechini method was used for the synthesis 
of Ti-modified  LaFeO3 catalysts [37]. The best performance was achieved by adding 
10% of nominal  TiO2 to the synthesis. However, low activity was seen for 4-chloro-
phenol depletion, whether solar light or visible light was used as activation source, 
which led to the implementation of other strategies that will be discussed below.

2.3  Ferrite Photocatalysts for Air Depollution

In contrast to water treatment, in the scope of air depollution, only a few works 
have been recently detailed, all of them treating  NOx (Table  3). The require-
ment for immobilizing ferrites onto supports improves the dispersion (avoiding 

Fig. 8  HAADF images of  Fe3O4/SiO2 (a) and  Fe3O4/SiO2/TiO2 (b) combined with mappings of  Fe3O4, 
 SiO2 and  TiO2 (blue is Ti, red is Fe and green Si). Reproduced with permission from Ref. [26]. Copy-
right MDPI
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agglomeration of particles) of those kinds of catalysts characterized by relatively 
small surface areas. Therefore, more complex further studies are needed.

Only two works with pure single ferrite have been published up to now, to the 
best of our knowledge. Aghdam et al. [101] reported the synthesis of  BiFeO3 by a 
sol–gel procedure. The resultant material showed a bandgap value of 2.1 eV, and it 
was employed for the removal of  NOx under UV light. The authors got 36% conver-
sion by using a reusable catalyst.

Other strategies have also been applied in air treatment. Li et  al. developed the 
immobilization of several ferritic composites onto a palygorskite support [32, 33]. The 
first immobilized ferrite was  LaFeO3 where Ni was replacing Fe inside the perovskite 
structure; and the second was a ternary material composed of N-CQDs (nitrogen-doped 
carbon quantum dots) and of  PrFeO3 acting as consistent structure to be further sup-
ported. In the first case, the  LaFe1–xNixO3 structure was conditioned by the fraction 
of Ni added to the synthesis. While ratios below 0.4 gave rise to pure  LaFe1–xNixO3, 
when x > 0.4 the material contained a heterojunction due to the co-precipitation of some 
 LaNiO3. However, it must be said that 90% conversion was obtained when employing 
a ferrite with x = 0.5 [32]. In the second case, the ternary composite with 5% of CQDs/
PrFeO3 afforded 93% conversion with a total selectivity toward  N2 (Fig. 9). The good 
results obtained are associated with the formed Z-scheme that not only enhanced the 
separation of charges but also promoted the absorption of visible light [33].

2.4  Combination of Ferrite Photocatalysts and Other Oxidizing Agents

To take advantage of the redox surface properties of ferrite materials and to improve 
the reactivity, the ferrite catalysts started to be employed simultaneously as Fen-
ton catalysts, with the addition of  H2O2 as oxidizing agent, under light irradiation 
[22, 30, 92, 102, 103]. In this approach, materials with different compositions have 
been used for this purpose, like  LaFeO3,  CoFe2O4, mesoporous  CuFe2O4,  NiFeMO4 
(M = La, Sm, Gd, Dy) and CuS/BiFeO3.

Fig. 9  NOx conversion by N-CQDs/PrFeO3/palygorskite with various amounts of N-CQDs (a) and 5 wt% 
N-CQDs/PrFeO3/Pal during several lamp-on/off tests (b). Reproduced with permission from Ref. [33]. 
Copyright ACS
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By adding  H2O2, a larger variety of pollutants have been degraded than in the case 
of pure photocatalysis using ferrites (Table 4). In the first case, Sannino et al. [30] 
employed  LaFeO3 for the removal of acetic acid. Only 60% depletion in 300 min 
was obtained for the best case. Then  CoFe2O4 ferrite was used to oxidize methylene 
blue, with almost complete oxidation in 75 min of reaction [22]. Gao et  al. [102] 
employed mesoporous  CuFe2O4 ferrite for the elimination of sulfonamides in water. 
The antibiotic conversion was 31% within 180 min, but no mineralization data was 
available. Samoila et al. [103] evidenced differences between pristine  NiFeO4 and 
 NiFeO4 substituted with  La3+,  Sm3+,  Gd3+ or  Dy3+ cations. The undoped material 
afforded 30% of Orange II azo dye decolorization vs. around 90% in 30 min with 
the La-substituted catalyst. Recently, a mixed strategy has been the employment of 
a co-catalyst with  H2O2 [92]. The heterojunction of CuS/BiFeO3 was exploited for 
alachlor degradation. The combined mechanism in the presence of  H2O2 led to 90% 
of pesticide removal in 1 h of reaction.

Several efforts have been made to intensify the reactivity of ferrite materials in 
water in simultaneous application of advanced oxidation processes (AOPs). In this 
sense, the addition of  H2O2 to the reaction media was not enough to improve sub-
stantially the activity. Lately, research has moved towards the material modification 
taking into account the composition of a ferrite and its ability to exchange A or B 
cation and so to tune its catalytic properties. In this scenario, the latest trend has been 
the doping of the materials with transition metals [31, 43, 95, 104, 105].  ZnxFe3–xO4 
materials were synthesized by a soft chemical route by Mandal et al. [95]. This mag-
netic catalyst was employed for the degradation of Acid Blue 113 and also for anti-
microbial purposes. The pristine and modified ferrites showed very good photoac-
tivity when  H2O2 was added in the reaction media. The ferrites were quite stable 
after eight cycles of reaction and their magnetic properties allowed recovery after 
each sequential run. Around the same time, Soltani and Lee [31] obtained  BiFeO3 
substituted by barium via sol–gel method. The ratio of substitution of  Bi1–xBaxFeO3 
was between 0.03 and 0.12. The experimental results indicate that the increase of Ba 
until 12% affected the redox cycle and provoked oxygen vacancies that significantly 
enhanced the toluene degradation under pure visible light.

In 2018, Cu-doped  LaFeO3 was obtained by Phan et al. [104]. The catalysts were 
employed for the decoloration of dye, in this case methyl orange. The best reactivity 
resulted from the catalyst with 15% copper. The authors attributed this improvement 
to the fact that it generates much more HO· than pristine  LaFeO3. This behaviour 
was associated with an enhancement of the  H2O2 decomposition by the two metals, 
Cu and Fe, which provoke additional reactions, as well as an improvement of the 
availability of Fe(II) at the surface. The greater generation of HO· was corroborated 
by electron spin resonance (ESR) technique. In the same way, Co-doped  MgFe2O4 
was synthesized from saprolite laterite ore [43]. The low addition of Co (ca. 1%) 
greatly improved the activity; 97% of the dye was degraded and 68% of TOC min-
eralized after 180 min. The authors pointed out a synergistic effect between photo-
catalysis and heterogeneous photo-Fenton mechanism with this stable catalyst. The 
measurement of the iron leached into the solution showed that the activity was asso-
ciated with the surface iron of the catalyst and not the iron in homogeneous solution. 
Besides this, the ferrite lost 10% of activity during its reuse.
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Recently, Li et al. [105] obtained a metal-doped zinc ferrite material by a modi-
fied microwave hydrothermal method. The authors compared synthesis using metals 
in wastewater and also using chemical precursors. The catalytic test showed that the 
doped material synthesized by using metals contained in wastewater was much more 
active than the one using chemical precursors. Also, the substituted ferrite exhib-
ited better efficiency than the pristine  ZnFe2O4. The authors postulated that HO· are 
formed through photo-generated  h+ and  H2O2 decomposition by  Fe3+ and  Mn3+ on 
the catalyst surface. After the first cycle of reaction, 95% of Congo red was depleted 
within 3 h which led to 60% of TOC conversion. After the third cycle of reaction, 
75% decoloration was reached, indicating a slight loss of activity of the material.

Finally, the  La1–xTixFeO3 material synthesized through a modified Pechini sol–gel 
method by Garcia-Muñoz et  al. [37] was employed as a combined photocatalyst 
and heterogeneous photo-Fenton catalyst without any homogeneous contribution 
(Fig. 10). The authors demonstrated that the strategy combining both AOPs within 
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Fig. 10  a Scheme of the mechanism of reaction of the combined  H2O2/photocatalytic process. Repro-
duced with permission from Ref. [37]. b Partial Ti → La cationic substitution in the  LaFeO3 network 
and the resulting strong TOC removal rate improvement under pure visible light (λ > 420 nm). Repro-
duced with permission from Ref. [106]. Copyright Elsevier. Reusability tests with five consecutive runs 
performed on the  La1–xTixFeO3 dual catalyst in the system  H2O2/visible light: c evolution of the relative 
4-chlorophenol concentration and d TOC mineralization degree obtained after 210 min of test. Operating 
conditions: [4-Cl-phenol]0 = 25 mg l−1;  [H2O2]0 = 125 mg l−1; T = 25 °C; [cat] = 0.5 g l−1; (λ > 420 nm). 
Reproduced with permission Ref. [106]. Copyright Elsevier
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a single dual catalyst allowed  La1–xTixFeO3 to simultaneously take advantage of the 
higher reaction rate of the photoassisted heterogeneous Fenton process and of the 
higher mineralization yield of photocatalysis. This Ti-substituted  LaFeO3 dual cata-
lyst was reported to be very active in water treatment, by reaching complete miner-
alization and total pollutant removal with higher efficiencies than via single AOPs, 
whether the process operates under UVA light, simulated solar light or pure visible 
light (λ > 420 nm). The dual catalyst operates via pure heterogeneous surface reac-
tions with an increase in the catalyst robustness by more than two orders of magni-
tude compared to the unsubstituted ferrite. This was symbolized by the absence of 
any Fe release and by the stability of catalytic performance with test cycles with no 
loss of activity [106].

3  Ferrite‑Based Photocatalysts and Photoelectrodes for Energy 
Applications: Hydrogen Production and  CO2 Reduction

3.1  Introduction

Energy applications of photocatalysis, mainly  CO2 reduction and hydrogen produc-
tion by water splitting or photoreforming, are technologically less developed than 
environmental ones (viz. pollutant degradation), although their scientific interest has 
increasingly grown in the last decades as a result of their appealing possibilities in a 
hopefully not-so-long-term circular economy based on solar energy [107].

The production of hydrogen from renewable feedstock and energy sources is cru-
cial for its implementation as a clean energy vector in a future non-carbon-based 
energy system [108]. Photocatalysis and photoelectrochemistry offer the possibility 
of directly converting sunlight into chemical energy by splitting the water molecule 
into hydrogen and oxygen, making use at the surface of semiconductor photocata-
lysts of the reductive and oxidative power of photo-generated electrons and holes, 
respectively. Alternatively, as a result of the kinetic constraints of water oxidation, 
hydrogen can be produced using organic sacrificial agents, ideally derived from bio-
mass feedstock, in the process called photoreforming [109, 110]. In the last decades, 
vast amounts of semiconductors have been tested as photocatalysts for photocata-
lytic or photoelectrochemical water splitting [107, 111, 112], among which iron-
based oxides and particularly ferrites have been less explored than other types of 
materials. This is generally related to low charge carrier mobilities and hence short 
exciton lifetimes, which nevertheless can be improved by doping or by other chemi-
cal, structural or surface modifications [113, 114]. Some ferrites indeed have the 
adequate band positions for at least one of the half-reactions (proton reduction and 
water oxidation) involved in water splitting and, furthermore, these positions can be 
tuned by means of the inclusion of different metals into the ferrite structure [114]. 
As described below, some ferrites have been reported active for photocatalytic 
hydrogen evolution. Selected examples are summarized in Table 5.

Regarding photoelectrochemical hydrogen production, varied chemical composi-
tion, multiple valence states and choice of metal cation, narrow bandgaps and both 
n-type and p-type behaviour convert ferrites into attractive candidates as electrodes 
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for photoelectrochemical cells (PECs). However, even if they are considered as 
promising, terrestrially abundant and non-toxic alternative photoactive materials for 
PECs, only a few works have been published using ferrites as photocathodes and 
photoanodes [114, 115]. Actually, the measured photocurrents of PECs with ferrite 
photoelectrodes are still low, which is mainly related to the charge mobility lim-
itations mentioned above. Similarly to the case of photocatalysis, different strate-
gies proved that higher photocurrents can be achieved, including nanostructuring, 
heterojunctions, co-catalyst loading and control of the defect chemistry [114, 115]. 
Pioneering work on the fundamental investigation using ferrites as electrodes in 
(photo)electrochemical reactions dates back to the late 1970s and early 1980s and 
has continued in the subsequent years, including different compositions; p-type 
 CaFe2O4 [116–123],  CdFe2O4 [124], p- and n-type  CoxFe3–xO4 and  CoTixFe2–xO4 
[125], p-type  CoFe2O4 [126], p- and n-type  NiFe2O4 [58, 127],  Li0.5Fe2.5O4 [128], 
 MgFe2O4 [129, 130],  TixFe3–xO4 [131] and n-type  ZnFe2O4 [128–134] are remark-
able examples.

In turn,  CO2 reduction is probably the lowest-TRL (technology readiness level) 
application of photocatalysis. In spite of its scientific interest, providing a route for 
 CO2 valorisation coupled to solar energy harnessing [135], it still faces a number 
of issues mainly related to the inherent difficulty associated with the stability and 
relative inertness of the  CO2 molecule and to the complex nature of water oxidation. 
Indeed, the latter is in principle the preferred reaction to complete the electron bal-
ance as nature does in photosynthesis [136]. Among the different semiconductors 
that have been reported as  CO2 reduction photocatalysts [137–139], ferrite-based 
ones do not play a prominent role, even if some of these oxides have adequate band 
positions for some of the reactions involved in  CO2 reduction [140]. Nevertheless, 
a few works have reported photocatalytic and photoelectrochemical  CO2 reduction 
using ferrite materials, as will be described in the next sections.

3.2  Ferrite Photocatalysts for Water Splitting and  CO2 Reduction

3.2.1  Single‑Phase Ferrite Photocatalysts

Magnetite, the chemically simplest ferrite  (Fe3O4 or FeIIFeIII
2
O

4
 ), can be employed 

for water oxidation in the presence of the appropriate co-catalyst, as shown by Neu-
deck and co-workers, who prepared  Fe3O4 nanoparticles using xyloglucan as stabi-
lizing agent [141]. This method yields size-controllable nanoparticles with narrow 
size distributions, which are able to oxidize water into oxygen under irradiation with 
a blue-light LED, with the participation of the [Ru(bipy)3]3+ complex as sensitizer/
co-catalyst and using sodium persulfate as electron scavenger. In the presence of 
other nanoparticle-stabilizing polymers such as dextran, magnetite also showed oxy-
gen evolution, although lower than that attained with the xyloglucan. This reveals an 
effect of the latter that, according to the authors, is beyond surface area and might be 
related to the lifetime of the photo-generated excited Ru complex that would favour 
charge transfer to water molecules.
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Sacrificial hydrogen production over magnetite was reported by Mangrulkar and 
co-workers in the presence of ethanol as sacrificial reagent, with platinum as co-
catalyst, and under UVA–Vis (tungsten filament lamp) irradiation [142]. The mate-
rial was synthesized in the form of 10–12 nm nanoparticles, and the bandgap was 
roughly estimated from the UV–Vis spectrum as 2.7 eV, considerably larger than the 
value of ca. 1.9 eV determined from photoelectrochemical measurements [143]. The 
Pt/Fe3O4 photocatalytic system was active for hydrogen evolution in the presence of 
different sacrificial reagents, with ethanol giving the best results over methanol and 
ethanolamine. Experiments carried out in different conditions revealed that hydro-
gen evolved only above a certain value of irradiation power, and that, in the dark, 
there was hydrogen evolution when the temperature was raised. This suggests that 
the reaction has a thermal component, and indeed experiments under photothermal 
conditions revealed a synergistic effect of the photocatalytic and the thermocata-
lytic effects, even at temperatures as low as 100 °C. Deactivation of the catalyst was 
observed in all cases, and photothermal conditions also enhanced this deactivation.

Gobara et al. compared the activity of magnetite for hydrogen production from 
methanol aqueous solutions under simulated solar radiation with those of different 
ferrites resulting from the substitution of several divalent cations  (Zn2+,  Cd2+ or 
 Ni2+) for  Fe2+ [144]. All catalysts were prepared by co-precipitation methods which 
resulted in nanocrystalline cubic phases except for the cadmium ferrite which was 
considerably less crystalline and contained a segregated  Fe2O3 phase. The bandgaps 
decreased upon metal substitution from 2.8 eV in  Fe3O4 to 1.62, 1.90 and 2.23 eV 
in Ni, Cd and Zn ferrites, respectively. All samples gave rise to hydrogen evolution 
without the use of any co-catalyst and with stable rates along 72 h. All three ferri-
tes led to higher hydrogen evolution rates than magnetite in the order Zn < Cd < Ni, 
although in the case of the cadmium sample this should be viewed cautiously 
because of the presence of the mentioned iron oxide phase. The superior activity 
of nickel ferrite was attributed to the affinity of Ni for hydrogen. Nonetheless, the 
 NiFe2O4 sample displayed the highest metal surface area as determined by hydrogen 
chemisorption.

Indeed,  NiFe2O4 is probably the most extensively explored ferrite photocatalyst 
for water splitting reactions. As summarized in Table 5, some works have reported 
its activity in different experimental conditions, with a quite wide range of hydrogen 
production rates. An apparent quantum yield of 0.53% was obtained by Rekhila et al. 
with a sol–gel-prepared nickel ferrite using thiosulfate as sacrificial reagent without 
any co-catalyst, under the full spectrum of a halogen lamp [127] and under opti-
mum conditions of pH,  S2O3

2− concentration and catalyst mass. An electrochemical 
impedance spectroscopy analysis revealed the p-type semiconductivity of  NiFe2O4, 
as well as the drastic increase of the lifetime of electrons under illumination in the 
presence of the sacrificial reagent, emphasizing its crucial role in improving the 
charge separation by hole scavenging. Peng and co-workers obtained  NiFe2O4 nano-
particles with homogeneous size distribution and high surface area by means of a 
surfactant-assisted hydrothermal method [145]. These nanoparticles gave rise, under 
visible light (λ ≥ 420 nm) and in the absence of any co-catalyst, to hydrogen evolu-
tion from an aqueous methanol solution with an apparent quantum yield of 0.52%, 
after an optimum calcination temperature of 500 °C in which a compromise between 
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crystallinity and surface area is reached. The effect of particle size and distribution 
is revealed by the lower efficiency of  NiFe2O4 synthesized without any structure-
directing agent, which was formed by inhomogeneous agglomerations of particles. 
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) studies of the 
solid together with inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analyses of the liquid reaction medium and consecutive activity runs con-
firmed the stability of the ferrite in the reaction conditions. In the absence of any 
sacrificial reagent, some hydrogen evolution was observed in water spitting experi-
ments, although without any oxygen production, which suggests the possibility of 
self-oxidation or the possible role of organic matter remaining from the synthesis 
as hole scavenger. A structure-directing agent, in this case Pluronic F-127, was also 
used by Hong and co-workers to obtain mesoporous  NiFe2O4 photocatalysts with 
high crystallinity and large surface area by a self-assembly associated aerosol spray 
pyrolysis method [146], which were tested for methanol photoreforming under vis-
ible light irradiation (λ > 420  nm). Again, the highest activity of all the catalysts 
appears as a compromise between crystallinity and surface area, with well-crystal-
lized mesoporous samples resulting in higher  H2 evolution rates than amorphous 
ones with small pore size and high Brunauer–Emmett–Teller (BET) values, but also 
higher than a non-mesoporous, highly crystalline ferrite with relatively low surface 
area. The photocatalytic character of the reaction was demonstrated by an action 
spectrum study that showed that the dependence of hydrogen evolution on the irra-
diation wavelength closely matched the absorption spectrum of  NiFe2O4 (Fig. 11). 
This mesoporous ferrite was shown to be stable up to three photocatalytic runs with-
out any loss of activity and without structural or morphological modifications.

A modification of the Pechini method was employed by Domínguez-Arvizu et al. 
to obtain single-phase nickel ferrite with average crystal size of 25 nm and 50 m2 g−1 
of BET surface area after calcination temperature of 400 °C, which was determined 
as the minimum one to remove all the organic matter after the chelation step [147]. 

Fig. 11  Dependence of  H2 evolution rates (RH2) on the wavelength of monochromatic light irradiation of 
a 25 vol.% methanol aqueous solution with a mesoporous  NiFe2O4 photocatalyst. Reproduced with per-
mission from Ref. [146]. Copyright American Chemical Society
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The authors studied some optical characteristics such as the absorption spectrum 
and scattering, absorption and extinction coefficients, as a basis for future designs 
of photoreactors using this catalyst. Under white light and without any co-catalyst 
present,  NiFe2O4 produced ca. five times larger amount of hydrogen than  TiO2 P25 
after 8 h from an aqueous methanol solution.

In photocatalytic hydrogen evolution reactions, the presence of a co-catalyst, 
most generally a noble metal, improves the hydrogen yield by boosting charge sepa-
ration and acting as catalytic sites for H–H bond formation [148]. In addition, in the 
case of some metals with appropriate particle size, the localized surface plasmon 
resonance effect may enhance light absorption in the visible range [107]. In recent 
work, Zeng and co-workers examined the combined effect of plasmonic gold nano-
particles and fluorescein sensitization on the activity of  NiFe2O4 photocatalysts for 
visible-light-induced hydrogen production from water using triethanolamine as sac-
rificial reagent [149]. The presence of gold increased the hydrogen yield by a factor 
of 5 at an optimum metal loading with respect to the pure ferrite, which the authors 
ascribed to stronger absorption in the visible range and slower recombination on the 
basis of UV–Vis and photoluminescence spectra, respectively. A synergistic effect 
of fluorescein sensitizer and plasmonic Au co-catalyst further improved the photo-
activity by one order of magnitude, with stable hydrogen production throughout six 
photocatalytic cycles.

In contrast to the work by Gobara et  al. [144] cited above, Rodríguez-Rod-
ríguez and co-workers obtained a higher hydrogen yield with the spinel zinc fer-
rite  ZnFe2O4 compared to  NiFe2O4 [150]. The authors prepared nanosized Ni, Co 
and Zn ferrites in oil-in-water microemulsions and tested them without any co-cat-
alyst for photocatalytic hydrogen evolution from methanol aqueous solutions. The 
photocatalytic activity followed the order  ZnFe2O4 > NiFe2O4 > CoFe2O4, which is 
mainly attributed to conduction band energies increasing in the reversed order on 
the basis of UV–Vis spectra. A higher conduction band energy would thus imply a 
stronger driving force for the transfer of electrons to protons. Dom and co-workers 
used a microwave solid-state synthesis method to improve the activity of zinc fer-
rite by a factor of 4 with respect to the one obtained by a conventional solid-state 
reaction [151]. Electrochemical measurements together with physicochemical and 
optical characterizations let the authors conclude that the absence of agglomeration 
of nanoparticles in the microwave method compared to the conventional one modi-
fied the electronic band positions and the electron mobility, resulting in improved 
photocatalytic behaviour. Doping zinc ferrite may also lead to improved photocata-
lytic hydrogen production, as shown by Boudjemaa and co-workers, who prepared 
 M0.2Zn0.8Fe2O4 spinels by a co-precipitation method, wherein M is Co, Ni or Cu 
[152]. In this work, a considerable improvement of the activity of the zinc ferrite is 
reported in the case Co doping and Ni doping, with the former giving the best results 
of the series. In contrast, Cu doping resulted in a decrease of activity with respect to 
 ZnFe2O4. On the basis of electrochemical, photoelectrochemical and optical charac-
terization, the authors mainly ascribe the effect of the guest cation on activity to its 
influence on the electronic structure of the ferrites, with the bandgap values of the 
different samples decreasing in the same order as the obtained hydrogen evolution 
rates increase.
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Ortega López et  al. reported significant hydrogen production with the cobalt 
spinel ferrite  CoFe2O4 [153]. They compared two different synthetic methods, 
namely co-precipitation, followed by a relatively low temperature crystallization, 
and ball-milling of a stoichiometric mixture of iron metal and  Co3O4 previously 
activated and solid-state reaction at 700  °C. The latter method yielded a final 
 CoFe2O4 cubic spinel with 5 nm crystal size vs. 20 nm with the former synthesis. 
This, however, resulted in a lower surface area of the ball-milled sample than the 
co-precipitated one and, contrary to what may be expected from the quantum-size 
effect, to a considerably lower bandgap (1.15 vs. 1.38 eV). The authors ascribe 
both results to the differences in the secondary particle size (100–500 vs. 25 nm), 
which is more plausible in the case of the surface area than in that of the elec-
tronic structure. In any case, the ball-milled sample exhibited a higher adsorption 
capacity which the authors relate to oxygen vacancies created by the high-energy 
mechanochemical process and invoke to explain the higher hydrogen production 
per surface area unit displayed by this catalyst.

Copper ferrite  (CuFe2O4) has also been shown to be active for photocatalytic 
hydrogen evolution. Yang et al. obtained  CuFe2O4 nanoparticles by sol–gel, solid-
state reaction and co-precipitation methods, among which the first one yielded 
the highest hydrogen formation rate using oxalic acid as sacrificial reagent [154]. 
The use of citric acid in the sol–gel method resulted in a relatively homogeneous 
particle size distribution, which according to the authors had a key influence on 
the higher activity of the obtained photocatalyst, as a result of the shorter path 
travelled by photo-generated charges to the surface. The  CuFe2O4 photocatalyst 
was active in four consecutive cycles, although a decline in the hydrogen evolu-
tion rate can be observed in each of them.

Regarding ferrites of non-transition metals, some alkali and alkaline earth 
metal ferrites have been tested for photocatalytic hydrogen evolution. For exam-
ple, Boudjemaa and co-workers synthesized the  MgFe2O4 spinel ferrite by calci-
nation of a Mg–Fe layered double hydroxide obtained by co-precipitation [130]. 
This material gave rise to hydrogen evolution under visible light from an aque-
ous sulfite solution, although production declined after 20 min of reaction. This 
authors ascribed this deactivation to the saturation of catalytic sites and competi-
tive reduction of the end product  S2O6

2− for conduction band electrons. Dom et al. 
reported the synthesis of orthorhombic  CaFe2O4 nanoparticles using different 
preparation methods, namely solid-state reaction, polymer complex, microwave 
sintering and self-propagating combustion (SPC) [155]. As they already reported 
for zinc ferrite [151], the microwave-directed method yielded interesting results, 
outperforming by nearly one order of magnitude the activities obtained with the 
rest of syntheses, which gave very similar results [155]. The authors ascribed this 
difference to an optimum combination of high crystallinity with monodispersed 
morphology together with efficient visible light absorption, suitable band ener-
getics and relatively low charge transfer resistance. Photodeposition of platinum 
as a hydrogen evolution co-catalyst resulted in further improvement of the activ-
ity by a factor of ca. 2.5, resulting in an apparent quantum yield of 1.57% under 
420 nm irradiation. Different strontium ferrites, namely the cubic, hexagonal and 
orthorhombic  SrFe2O4,  SrFe12O19 and  Sr7Fe10O22, respectively, were selectively 
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obtained by Jiménez-Miramontes et  al. by modifying the crystallization condi-
tions in the Pechini synthetic method [156]. Among the three crystalline phases, 
the activity towards hydrogen production under UV irradiation was maximum for 
the cubic one, with the hexagonal phase yielding a two orders of magnitude lower 
amount of hydrogen as a result of unsuitable band positions.

The perovskite-type lanthanum ferrite,  LaFeO3, has been studied for photo-
catalytic hydrogen evolution in a number of articles. It is considered as a prom-
ising catalyst for this application by combining adequate band positions, vis-
ible light absorption and (photo)chemical stability. Parida and co-workers actually 
reported that  LaFeO3 was active both for hydrogen evolution from water by using 
an electron-donating (methanol) sacrificial agent and for oxygen evolution with an 
electron-scavenging  (Ag+) agent. High productions were obtained in both cases 
(see Table 5 for the case of hydrogen), although no overall water splitting experi-
ments were reported [83]. Using ethanol as sacrificial agent, Tijare and co-workers 
reported a relatively similar hydrogen evolution rate (even if the usual difficulties 
to quantitatively compare different works must be considered) that could be further 
boosted by using platinum as co-catalyst [157]. However, in this case the improve-
ment caused by platinum was considerably low if compared to its effect on other 
semiconducting catalysts [148]. Indeed, Iervolino and co-workers studied  LaFeO3 
as a promising noble-metal-free hydrogen evolution photocatalyst [158]. Interest-
ingly, they reported stoichiometric overall water splitting (i.e. without any sacrificial 
reagent) under UV light over  LaFeO3 photocatalysts synthesized using the solution 
combustion method. The hydrogen yield increased by a factor of 4 when using glu-
cose as sacrificial electron donor. Under purely visible light irradiation (440 nm), 
the activity of the best-performing catalyst, obtained from an optimized synthetic 
method, for glucose photoreforming was above 70% of that under UV, revealing the 
interest of this material as a visible-light-active photocatalyst. Using a similar syn-
thetic procedure, Chen et al. obtained a homogeneously nanocrystalline  LaFeO3 that 
was further modified by encapsulation with a conductive polyaniline (PANI) aero-
gel (Fig. 12) as a means to control the hydrophilicity of the surface and to improve 
charge mobility. An improvement of hydrogen evolution activity of about four times 
with respect to the unmodified ferrite was observed, using in this case platinum as 
co-catalyst and triethanolamine as electron donor [159]. Doping  Ru3+ into the  Fe3+ 
positions of the  LaFeO3 structure improved the hydrogen evolution rate in this reac-
tion by a factor of ca. 4.5 under UV irradiation [158], which was ascribed to the 
role of the dopant cation as electron scavenger, preventing electron–hole recom-
bination. The optimum doped catalyst was also active in glucose photoreforming 
under visible light and, in an especially interesting result, in the valorisation of real 
waste water from a brewing company by using it as sacrificial agent for the produc-
tion of hydrogen. Partial substitution of  Sr2+ for  La3+ and  Ti4+ for  Fe3+, using a 
flux growth synthetic method, was studied by Domen and co-workers as a way of 
further improving the photocatalytic activity of  LaFeO3 for hydrogen evolution by 
methanol photoreforming, using Pt as co-catalyst [160]. Simultaneous cation substi-
tution led to improvement in photocatalytic activity attributed to the concurrence of 
modified structural properties by Sr doping and electronic characteristics due to Ti 
doping, as well as reduced grain boundaries and lattice defects, which relates to the 
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synthesis method. The combination of the different factors led to an optimal activity 
in  La0.925Sr0.075Fe0.925Ti0.075O3. Related perovskite lanthanum strontium ferrites in 
the Ruddlesden–Popper series (SrO)(LaFeO3)n (n = 1 and 2) were reported as hydro-
gen evolution photocatalysts from  Na2SO3 solutions by Chen and co-workers [161], 
with the n = 1 compound  (SrLaFeO4) giving rise to a higher hydrogen evolution rate 

Fig. 12  SEM images of a  LaFeO3, b  LaFeO3-0.75PANI, c PANI; TEM image of d, e  LaFeO3, f PANI, 
g–i  LaFeO3-0.75PANI; j EDX element mapping of  LaFeO3-0.75PANI. Reproduced with permission 
from Ref. [159]. Copyright Elsevier
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with Pt as co-catalyst. Anisotropic charge transportation phenomena are invoked to 
account for the activity of this kind of solid.

As mentioned earlier, photocatalytic  CO2 reduction studies with ferrite catalysts 
are much scarcer in the literature than hydrogen production ones. Matsumoto and 
co-workers reported in 1994 the production of methanol and formaldehyde from a 
 CO2-saturated solution on  CaFe2O4 irradiated with light of different wavelengths 
[162]. The  CH3OH production followed the same trend versus irradiation wave-
length as the photocurrent in a  CaFe2O4 photocathode, proving the photocatalytic 
character of the reaction. However, in spite of the narrow bandgap of the ferrite 
(1.9 eV), both photocurrents and  CO2 conversions were significantly higher under 
UV light. Results with the addition of suspended solid  BaCO3 led the authors to pro-
pose a mechanism in which  CO3

2−/CO2 activation occurs at the interface between 
the solid catalyst, the solid carbonate and water. Matsumoto reported 2 years later 
a screening of photoelectrochemical response and  CO2 reduction to methanol with 
different ferrites [140]. Both properties were not necessarily related, with some fer-
rites showing electrochemical but not catalytic activity under irradiation and vice 
versa. Not only was the mentioned calcium ferrite was photocatalytically active but 
also some compositions containing magnesium, strontium, barium, lead and bis-
muth were. The elements forming the oxides as well as the positions of the band 
edges were found to determine the photocatalytic activity, with  CaFe2O4 and (Bi, 
Pb)2Sr2BiFe2O9+x giving the best results.

Apparently, as reported by Xiao and co-workers from a combination of UV–Vis 
and XPS,  ZnFe2O4 has adequate band positions to conduct, under visible light,  CO2 
reduction but not water oxidation [163]. Therefore, triethanolamine was used in that 
study as a sacrificial agent to scavenge photoproduced holes, while conduction band 
electrons were utilized to reduce aqueous bicarbonate into mainly acetaldehyde and 
ethanol. However, it remains unclear whether these products result from the oxida-
tion of triethanolamine.

3.2.2  Ferrite‑Based Heterojunction Photocatalysts

Either by combining different ferrites or by combining one ferrite with another sem-
iconductor like  TiO2, ZnO or  C3N4, some works have dealt with the improvement 
of photocatalytic hydrogen production or carbon dioxide reduction by incorporating 
these materials into different kinds of heterostructures.

Regarding the combination of different ferrites, Chen et  al. reported the fabri-
cation of a  CaFe2O4/MgFe2O4 bulk p–n heterojunction for photocatalytic hydro-
gen evolution from aqueous methanol solutions under visible light, with the use of 
two co-catalysts, namely  RuO2 and Pt [164]. By bulk heterojunction, the authors 
mean that there are junctions of the two phases distributed along the whole com-
posite material, as investigated by high-resolution TEM, which was prepared by a 
polymer-complex synthetic method that allowed good crystallinity to be obtained at 
low temperature as well as an adequate distribution of the composing phases. This 
heterojunction, whose band structure is shown in Fig. 13, gave rise to a remarkable 
hydrogen production activity under light with λ ≥ 420 nm, with reported quantum 
yield of ca. 10%, in contrast with the single phases that showed little activity in the 
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same conditions. Compared to a layered heterojunction, the authors ascribed the 
improved photocatalytic activity to the higher probability of excitons reaching the 
interfaces and dissociating, particularly for semiconductor particles with sizes in the 
same range as the exciton diffusion length. In a related work, Vijayaraghavan and 
co-workers reported a series of photocatalysts based on magnesium and calcium fer-
rites composed of single phases and mixed compositions of up to four different crys-
talline structures—MgFe2O4, cubic and orthorhombic  CaFe2O4 and  Fe2O3 [165], 
with activities for hydrogen evolution from glycerol solutions depending mainly on 
the phase composition of the photocatalyst system, in the absence of co-catalysts. A 
kind of electron cascade mechanism is proposed by the authors to account for the 
highest activity displayed by a catalyst composed of the four mentioned phases.

Different ferrites have been combined with  TiO2 in coupled photocatalysts for 
energy applications. An et  al. reported the preparation of  Fe3O4/TiO2 composites 
with varying magnetite loadings supported on nanofibrillated cellulose, and the 
activity of the obtained systems for hydrogen production from aqueous methanol 

Fig. 13  a TEM image of a  CaFe2O4/MgFe2O4 particle. b  High-resolution TEM image of interfaces 
between semiconductor nanoparticles. c Schematic model of interpenetrating domains of  CaFe2O4 
(white) and  MgFe2O4 (grey). d Energy band diagram showing bandgap energies and band positions of 
p-CaFe2O4and n-MgFe2O4. e Operating principle of the formed heterojunction promoted by co-catalysts. 
Reproduced with permission from Ref. [164]. Copyright Royal Society of Chemistry
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solutions [166]. An increase of electron-trapping sites, reducing recombination, is 
invoked to account for the improved photocatalytic activity of the composite under 
UV light with respect to cellulose-supported  TiO2, although no scheme of the elec-
tronic coupling of both phases is reported. According to previous works though, it is 
feasible that electrons photo-generated in titania are transferred into the lower lying 
conduction band of magnetite [167], although this would mean that those transferred 
electrons would lose reduction potential. In addition to electronic features, these 
composites were reported to be recyclable by means of an external magnetic field. 
Recyclability tests showed a loss of activity of ca. 8% after 15 photocatalytic runs 
[166].

A p–n heterojunction of  CuFe2O4 and  TiO2 supported on reduced graphene oxide 
(rGO) was reported by Hafeez and co-workers for hydrogen evolution under UV–Vis 
light using glycerol as hole scavenger [168]. On the basis of optical and electro-
chemical measurements, a mechanism was proposed in which electrons would flow 
from the high-energy conduction band of the ferrite phase to the lower-energy one 
of titania, and from there to the reduced graphene oxide sheets, where they would be 
transferred to protons to produce hydrogen. In turn, holes would migrate from the 
valence band of  TiO2 to that of  CuFe2O4 and there be trapped by glycerol molecules. 
Therefore,  CuFe2O4 and rGO acting as hole traps and electron mediators, respec-
tively, would improve the photocatalytic activity with respect to  TiO2, as shown by 
the hydrogen evolution results, by largely inhibiting charge carrier recombination. 
This inhibition is actually supported by the practical disappearance of photolumi-
nescence at wavelengths associated with  TiO2 in the composite system. A similar 
mechanism, without the use of graphene, was proposed by Uddin and co-workers 
to account for the visible-light (λ > 400 nm) activity of  CuFe2O4 heterojunctions for 
 CO2 reduction into methanol from an aqueous solution of potassium bicarbonate, 
using sodium sulfide as hole scavenger [169]. The ferrite phase would in this case 
act as a visible-light sensitizer for titania, which would be inactive in those irradia-
tion conditions, and which does, on the other hand, improve the activity with respect 
to the ferrite single phase. Again, photoluminescence spectroscopy measurements 
under UV excitation suggested recombination to be diminished in the composite, 
although the difference between  TiO2 and the two-phase system was not as dramatic 
as in the previous case. As is common in photocatalytic  CO2 reduction experiments 
[136], deactivation of the catalyst was observed in all cases, which the authors asso-
ciated with the depletion of active sites.

A Z-scheme electronic mechanism was proposed by Song et al. in the photocata-
lytic reduction of  CO2 in cyclohexanol solution by  ZnFe2O4/TiO2 composites [170]. 
With a relative band position arrangement similar to that of the previous heterojunc-
tion,  ZnFe2O4 and  TiO2 may couple in such a way that electrons from the conduction 
band of the latter are transferred into the valence band of the former, while electrons 
in the ferrite conduction bands reduce  CO2 and holes in titania valence band oxidize 
the sacrificial agent, in a kind of all-solid Z-scheme without an electron mediator 
between the distinct phases. This heterojunction, formed by  TiO2 nanobelts deco-
rated with ferrite nanoparticles, showed higher photocatalytic activity than either of 
the two single phases. Cyclohexyl formate and cyclohexanone were detected as the 
main products, together with lower amounts of formic acid. This led the authors to 
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propose a mechanism in which cyclohexane is oxidized to cyclohexanol, while  CO2 
is reduced into formic acid. Esterification between these two intermediates would 
form cyclohexyl formate, while some of the alcohol would be further oxidized to 
the ketone (Fig. 14). This research group also reported the combination of the zinc 
ferrite with bismuth oxychloride, BiOCl, for the same reaction [171, 172]. Appar-
ently, the same type of heterojunction as in the case of the  ZnFe2O4/TiO2 can be 
formed with the oxychloride instead of titania, leading to improved photocatalytic 
activity with respect to the separate semiconductors. The preparation method and 
the resulting morphology of the particles affected the final photocatalytic activ-
ity, in such a way that hydrothermally obtained samples displayed a better perfor-
mance than physical mixtures of the semiconductors, probably as a result of a more 
extended interphase contact [172]. In addition, systems with hierarchical micro-
sphere microstructure showed higher photocatalytic activities, apparently owing to a 
better charge carrier separation than those with non-hierarchical nanosheet morphol-
ogy [172]. Furthermore, photocatalytic activity in the  ZnFe2O4/BiOCl system is also 
influenced by the exposed facets of BiOCl. Thus, the yields of cyclohexyl formate 
and cyclohexanone were higher for the samples with more exposed (001) facets than 
for the samples with more exposed (010) facets, which the authors attributed to the 
higher density of oxygen atoms on the (001) facets which enriches the production of 
electrons under UV irradiation [171].

Soto-Arreola and co-workers combined ZnO with either  CuFe2O4 or  NiFe2O4 
to form type II heterojunctions aimed at improved photocatalytic activity for water 
splitting without any sacrificial reagent under UV light [173]. With an optimum 
amount of 3 wt% ZnO, both composites, obtained by physical mixing of the single 
phases, surpassed the activity of the corresponding single-phase ferrites and that of 
ZnO under the same reaction conditions. In spite of the absence of any sacrificial 
agent, the reported results are on the same order of magnitude as other works with 
similar materials that make use of organic hole scavengers. On the basis of fluo-
rescence spectroscopy and (photo)electrochemical measurements, the improvement 

Fig. 14  Schematic diagram for photocatalytic reduction of  CO2 in cyclohexanol over a Z-scheme 
 ZnFe2O4/TiO2 heterostructure photocatalyst under UV light irradiation. “CH” stands for cyclohexanone 
and “CF” for cyclohexyl formate. Reproduced with permission from Ref. [170]. Copyright Elsevier
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in the photocatalytic activity of the heterostructures was attributed to a reduced 
recombination of the charge carriers, as a result of the transfer of electrons from the 
conduction band of the metal ferrite to the conduction band of the ZnO. Therefore, 
the authors proposed a mechanism in which electrons accumulated in the conduc-
tion band of ZnO reduce protons to produce hydrogen, while holes remaining in 
the valence band of the ferrite phase would oxidize water to oxygen. However, no 
oxygen evolution was reported in the work to account for the electron balance and, 
as shown by the authors in their electronic scheme, holes in the valence band of both 
copper and nickel ferrites do not have enough reduction potential to oxidize water. 
A similar charge transfer mechanism was proposed by Karamian and Sharifnia to 
account for the visible-light activity of  BiFeO3–ZnO p–n junctions for photocata-
lytic  CO2 reduction using methane as hole scavenger [174], although in this case 
only the ferrite component is activated by the used irradiation source, thereby act-
ing as an inorganic visible-light sensitizer of the otherwise inactive, wide-bandgap 
ZnO phase. The charge separation was supported by photoluminescence spectros-
copy results, which suggested a hindered recombination in the mixed phases. With 
an optimized 1:1 molar ratio between the components, ca. 20%  CO2 conversion was 
reached, which declined to ca. 14% after four runs. However, no other efficiency 
measure than conversion is given to make the results comparable to other works, nor 
is it clear what products are obtained.

Regarding other oxides that have been coupled to ferrites, Guo and co-workers 
[175] reported the preparation of Ce-doped  ZnFe2O4 via a sol–gel method that actu-
ally gave rise to biphasic samples composed of a  Ce3+-doped  ZnFe2O4 spinel phase 
together with an additional  CeO2 phase with fluorite structure. These composites 
displayed higher activity than the pristine zinc ferrite for photocatalytic  CO2 reduc-
tion under visible light, with  CH4 and CO as main products, together with hydro-
gen from the competing reduction of water and oxygen from water oxidation (not 
shown). The formation of a p–n junction between the two phases induced the estab-
lishment of a type  II heterojunction that promoted charge separation and reduced 
recombination, as suggested by a combined study of photoluminescence and 
UV–Vis absorption spectroscopies with (photo)electrochemical measurements. In 
addition, temperature-programmed desorption (TPD) and Fourier transform infrared 
spectroscopy (FTIR) studies revealed that the alkalinity of cerium oxide favours the 
chemical interaction between  CO2 and photocatalyst surfaces, which occurs via the 
formation of monodentate and bidentate carbonate and bidentate bicarbonate as the 
main surface species.

In a similar approach, Khan et al. reported the use of another wide-bandgap alka-
line oxide like SrO to promote both charge separation and  CO2 adsorption [176]. 
However, the electronic matching here is slightly different from those in the previ-
ous examples, with the conduction band of SrO lying considerably above that of 
the ferrite, so that it is only able to extract hot electrons generated in the latter by 
absorption of relatively high-energy (although still visible) photons. Charge separa-
tion is demonstrated by increased signals in the surface photovoltage spectra upon 
the addition of the strontium oxide phase, as well as by the increased generation of 
hydroxyl radicals followed by the formation of the fluorescent 7-hydroxycoumarin 
from coumarin solutions. On the other hand, TPD studies reveal that the alkaline 
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oxide promotes the adsorption of  CO2 via carbonate species, increasing not only the 
amount of  CO2 adsorbed but also the strength of the interaction. In this case, carbon 
monoxide is the main product of  CO2 reduction. According to previous theoretical 
studies on MO-TiO2 systems (M = Mg, Ca, Sr, Ba) [177], the improvement of  CO2 
adsorption and activation on alkaline earth metal oxide modifications should facili-
tate the activity for photocatalytic  CO2 reduction, SrO being particularly interesting 
in that respect since it promotes  CO2 activation and CO desorption.

C3N4 has been extensively studied in recent years as a metal-free and visible-
light-responsive photocatalyst [178], and some works have extended this study to 
its combination with ferrites for photocatalytic water splitting. Thus, Chen and co-
workers enhanced the photocatalytic activity of graphitic carbon nitride for hydro-
gen evolution from triethanolamine solutions through the incorporation of  MgFe2O4 
by annealing a mixture of ferrite particles obtained by the sol–gel method and mela-
mine as the  C3N4 precursor [179]. According to static photoluminescence spectra 
and time-resolved fluorescence decay curves, the ferrite is able extract photoinduced 
electrons and holes from carbon nitride, which per se leads to a poor activity for 
hydrogen production due to the low energy of the conduction band of  MgFe2O4. 
However, if the nitride is modified with both ferrite and platinum, the latter can 
extract electrons more efficiently, according to the greatly improved activity with 
respect to both bare  C3N4 and  MgFeO4/C3N4. In turn, electrochemical measure-
ments revealed the ferrite to be a good oxidation catalyst, which led the authors to 
propose a dual effect of  MgFe2O4 in the photocatalytic system as hole extractor and 
oxidation co-catalyst, with platinum acting as the reduction co-catalyst. The situ-
ation is different with nickel and copper ferrites, since both have conduction band 
levels above that of  C3N4, according to the same authors [180]. Therefore, under vis-
ible irradiation both ferrites can donate electrons from their conduction bands to that 
of the nitride, while holes can move from the valence band of the latter to that of the 
ferrite. In line with this, steady-state photoluminescence spectra and fluorescence 
decay curves suggest in both cases  (CuFe2O4/C3N4 and  NiFe2O4/C3N4) an inhib-
ited electron–hole recombination, while electrochemical impedance spectroscopy 
shows a greatly enhanced internal conductivity in the composites compared to the 
bare nitride. As a result, the activity of the heterojunctions for  H2 production from 
aqueous triethanolamine increases with respect to the single phases, and is further 
enhanced in the presence of platinum as reduction co-catalyst. As in the previous 
work, the authors highlight the dual role of the ferrite as charge separation promoter 
and oxidation co-catalyst.

The junction of  C3N4 with the perovskite-structured lanthanum ferrite  LaFeO3 
has been studied in a few works for photocatalytic hydrogen production. In prin-
ciple, the relative band positions of both phases would be adequate for the forma-
tion of a type II heterojunction. However, as previously described for the zinc fer-
rite heterojunctions, an all-solid Z-scheme without any electronic mediator seems to 
occur in the case of  LaFeO3/C3N4 photocatalysts. Acharya et al. proposed this kind 
of junction on the basis of thermodynamic considerations [181], given that, in the 
case of a type II heterojunction, electrons would fall into a conduction band (that of 
 LaFeO3 in this case) with reduction potential slightly below that of the  H+/H2 redox 
couple. Even if the presence of Pt as co-catalyst is able to overcome this limitation 
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in the single-phase ferrite, the observed improvement in hydrogen evolution with 
respect both to the ferrite and to  C3N4 would not occur. This mechanism is, accord-
ing to the authors, supported by the observed increase in photoluminescence in the 
heterojunction due to the recombination of the electrons in the conduction band of 
 C3N4 with the holes in the valence band of the ferrite. However, this evidence does 
not seem so obvious from the photophysics point of view. The same kind of het-
erojunction between these two components was proposed by Xu and Feng [182], 
by which they surpassed the activity of both single phases for hydrogen evolution 
from triethanolamine solutions under visible light, using platinum (3 wt%) as co-
catalyst. The introduction of 2 wt% of  Ni2S improved the photocatalytic activity of 
the  LaFeO3/C3N4 heterojunction in the same conditions by a factor of 60, with an 
apparent quantum yield of 2% at 420 nm [183], although the activity was still lower 
than that obtained in the previous work with platinum as co-catalyst.

3.3  Ferrite‑Based Photoelectrode Materials for Solar Fuels Production

3.3.1  Ferrite Photocathodes

One of the most investigated ferrite photocathodes is p-type calcium fer-
rite  (CaFe2O4), which has a bandgap of 1.9  eV and suitable band edge positions 
for water reduction. The first paper using this material was published by Matsu-
moto et  al. [120] using pressed pelletized electrodes sintered at 1200  °C and oxi-
dized under  O2 at 1000 °C.  CaFe2O4 was studied in a  N2 saturated  K2SO4 solution 
(0.25 M, pH 6.0), combined in the cell combined with an n-type  Zn1.2Fe1.8O4. Pho-
toelectrolysis of water without external bias resulted in a solar-to-hydrogen (STH) 
conversion efficiency lower than 0.01%. This limited efficiency was ascribed to a 
low electron concentration in the surface. In addition, Fermi level pinning (FLP) 
arises because of the presence of surface states associated with the redox pair  Fe3+/
Fe2+. To improve contact and subsequently the photocurrent, the authors proposed 
the use of noble metal nanoparticles (Au, Pt–Pd alloy) in the semiconductor/metal 
interface. Cao et  al. [116] investigated the use of p-CaFe2O4 as photocathode by 
depositing  CaFe2O4 thin films on fluorine-doped tin oxide (FTO) by pulsed laser 
deposition method. A photocurrent density of − 0.117  mA  cm−2 at − 0.06  V was 
reported which is significantly larger than the values reported by Matsumoto and co-
workers [120, 121], probably as a result of shorter electron transfer distances in the 
thinner films and higher electrical conductivity. The  H2 evolution rate under visible 
light irradiation, using a Pt counter electrode without applying any additional bias, 
was ca. 4.8 μmol m−2 h−1. Sekizawa et  al. reported several metal-doped  CaFe2O4 
electrodes prepared by radio frequency magnetron co-sputtering over antimony-
doped tin oxide (ATO) [123]. The doping with Au and Ag leads to an increase in 
the photocurrent. Particularly, Ag doping triggered an improvement in the symmetry 
around the Fe atom, which induces high mobility and an increase in activity of 23 
times with respect to the undoped ferrite.

Ye et  al. investigated the photoelectrochemical performance of p-CaFe2O4, 
n-ZnFe2O4, p-CaFe2O4/n-ZnFe2O4 and multiple p–n junction  CaFe2O4/ZnFe2O4 
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photoelectrode materials [122], all of them obtained by pulsed laser deposition. In 
the FTO/ZnFe2O4/CaFe2O4 photoelectrode configuration, negative photocurrent 
and positive open circuit photovoltage (+ 0.025 V, λ = 430 nm, 118 μW cm−2) were 
described, demonstrating that the p-CaFe2O4 layer acts as photocathode. In the case 
of multiple junction FTO/(ZnFe2O4/CaFe2O4)x photoelectrodes with similar single-
layer thickness between 10 and 15 nm, extending the number of layers (x) led to an 
improvement in the photocurrent density and the onset potential. The highest photo-
current density (− 0.025 mA cm−2 at + 0.4 V) and the most positive onset potential 
(+ 1.3 V) of all four samples were obtained with x = 20.

Ida et al. developed a tandem cell (Fig. 15a) without applying an external volt-
age using (hk0)-oriented p-type  CaFe2O4 deposited over FTO (100  nm thick) by 
pulse layer deposition (PLD) as photocathode and  TiO2 as photoanode with an onset 
potential of − 0.75 V (Fig. 15b) [117]. The open-circuit voltage was 0.97 V and the 
short-circuit current was about 200 μA cm−2 (Fig. 15c), and a  H2 and  O2 evolution 
of 70 and 4 μmol, respectively, in 48 h was attained (Fig. 15d). After this time, many 
cracks were observed on the  CaFe2O4 surface as shown in Fig. 15e and the solution 
contained 2.3 μmol of Fe, indicating a slight corrosion of the  CaFe2O4 electrode. 
Later, the same authors described the use of n-ZnO as photocathode generating a 
photovoltage of 0.82 V [118]. In this case, only  H2 was detected and Zn was partially 
dissolved, which accounted for the absence of  O2. In subsequent work, they also 
described a modification of p-type  CaFe2O4 with the presence of a  Ca2Fe2O5 impu-
rity enhancing the short circuit photocurrent density (0.55 mA cm−2) and slightly 
increasing the photovoltage (1.09 V) [119]. During the reaction a  H2/O2 ratio of 3.7 
was observed which is lower than in the previous paper. In addition,  O2 formation 
was improved.

One strategy to improve the low quantum efficiency of a pristine p-CaFe2O4 elec-
trode due to the poor mobility of the photo-generated charge carriers is to dope it 
with different elements. In this way, Matsumoto et al. used Na and Mg, which have 
similar ionic radii to Ca and Fe, respectively, to prepare type  Ca1–xNaxFe2–yMgyO4 
photocathodes [121]. This led to the formation of acceptor levels within the bandgap 
and to higher electronic conductivity but still low photocurrents.

Rekhila et al. proposed the use of p-NiFe2O4 pellets prepared by sintering sol–gel 
synthesized particles at 850 °C [127]. The open-circuit voltage, short-circuit current 
and efficiency were reported to be, respectively, 0.43  V, 0.71  mA  cm−2 and 0.28 
under irradiation with visible light (50 mW cm−2) with Pt as counter electrode.

Yang et al. prepared porous  CoFe2O4 nanosheets on FTO from aqueous solutions 
of Co and Fe nitrate using a template-free electrochemical deposition followed by a 
heat treatment at 933 K [126]. The photocathodes exhibit a small photocurrent of ca. 
0.3 μA cm−2 in 0.1 M aqueous  Na2S at zero bias voltage under wavelength ≥ 390 nm 
(30 mW cm−2).

Fan and co-workers reported the preparation of  MgFe2O4 nanofibres and nanow-
ires by electrospinning [184, 185]. Chemical vapour deposition (CVD) coating with 
 MoS2 created a 1D heterostructure with enhanced charge carrier mobility, which 
showed 92% photoelectrochemical tetracycline degradation after 2 h. A photoelec-
trochemical hydrogen evolution rate of 5.8 mmol h−1 g−1 was found at 0.5 V bias 
under Xe arc lamp irradiation.
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Guijarro et  al. [186] used β-FeOOH as a starting material to obtain  MgFe2O4, 
 CuFe2O4 and  ZnFe2O4 thin films. After the elimination of MgO, CuO and ZnO 
impurities by etching in highly acidic (for  CuFe2O4,  MgFe2O4) or alkaline (for 
 ZnFe2O4) conditions, the activity of the films improved when additional  NiFe2Ox 
was deposited and a reductive calcination in  H2 was performed after the synthesis. 
Remarkable faradaic efficiencies were described (97%), albeit with considerable 
degree of recombination and Fermi level pinning at 0.9 V vs. RHE.

Fig. 15  a Reaction and band model in photovoltaic cells using p-type and n-type semiconductor elec-
trodes. b Current–potential curve and SEM image of the  TiO2 electrode. c Current–potential curve of a 
photocell with  CaFe2O4 (2 cm2) and  TiO2 (0.5 cm2) electrodes and model structure of measurement cell. 
d Amount of hydrogen and oxygen gases generated from the photocell short-circuited by connecting the 
 CaFe2O4 and  TiO2 electrodes as a function of illumination time. e Current–time evolution for the pho-
tocell short-circuited by connecting the  CaFe2O4 and  TiO2 electrodes and SEM image of  CaFe2O4 after 
48 h reaction. All reactions were carried out in 0.1 M NaOH (aq) under illumination (500 W Xe lamp). 
Reproduced with permission from Ref. [117]. Copyright American Chemical Society

150 Reprinted from the journal



1 3

Topics in Current Chemistry (2020) 378:6  

In the case of  CO2 photoreduction, the use of ferrites as photoelectrodes is scarcer. 
Rezaul Karim et al. [187] developed a p-type  CuFe2O4 photocathode, obtained by 
sol–gel, for  CO2 photoelectroreduction under visible light (470 nm), starting from a 
 CO2-saturated  NaHCO3 solution. Methanol was detected as the sole reduction prod-
uct in the liquid phase with a faradaic efficiency of 62% and a quantum efficiency of 
14.4%, using a bias potential of 0.5 V (vs. RHE). The comparatively low quantum 
efficiency was ascribed to the formation of competitive gas products during  CO2 
reduction.

3.3.2  Ferrite Photoanodes

Ferrites can also act as n-type semiconductors and are suitable candidates as pho-
toanodes for PECs. Among them,  ZnFe2O4 is a remarkable example. Tahir et  al., 
for instance [133, 134], propose the use of  ZnFe2O4 prepared by aerosol-assisted 
chemical vapour deposition (AACVD) over FTO as photoanode for water splitting. 
The obtained photocurrents are highly dependent on the synthesis conditions, with 
a maximum photocurrent density of 0.35 mA cm−2 at 1.23 V vs. RHE using ethanol 
as solvent and a calcination temperature of 450 °C. An incident photon-to-current 
conversion efficiency of 13.5% at 350 nm at an applied potential of 1.23 V vs. RHE 
was observed [133]. The authors attributed this behaviour to the improved collection 
of the photo-generated minority carriers at the  ZnFe2O4/electrolyte interface as the 
average feature size gradually decreased with the solvent from ca. 500 nm (metha-
nol) to ca. 100 nm (ethanol) [134].

To decrease the synthesis temperature, Kim et  al. propose the use of hybrid 
microwave annealing (HMA) post-synthetic heat treatment with graphite powder as 
the susceptor. The synthesis is based on the treatment of β-FeOOH nanorods with a 
zinc nitrate solution with a thermal treatment at 550 °C for 3 h. After that,  ZnFe2O4 
nanorods were calcined at 800 °C (20 min) or subjected to HMA (5 min) to increase 
the crystallinity. The  ZnFe2O4 nanorods from HMA treatment show a 10- to 15-fold 
increase in activity compared to conventional thermally treated electrodes and an 
enhancement of the stability, which is attributed to a higher crystallinity and lower 
amount of surface defects [188]. In a later work, these authors modified the synthesis 
atmosphere (vacuum, air or hydrogen) after the first thermal stage (800 °C) [189]. In 
both  H2 and vacuum an increase of the photoactivity about 20-fold is observed.

Hufnagel et  al. [190] prepared mesoporous  ZnFe2O4 thin films on a macropo-
rous ATO scaffold using atomic layer deposition (ALD). These photoanodes show 
a more negative photocurrent onset (0.9 V vs. RHE) compared to reported values. 
In addition, these electrodes exhibit a photoresponse 4–5 fold higher than the same 
material in film conformation.

In order to improve the diffusion length of minority carriers, several strategies 
have been developed. One of them is the use of structured transparent conductive 
oxide current collectors to capture and tunnel the photo-generated electrons readily 
while the large interfacial area allows efficient transfer of the holes to the solution. 
In this way, Xu et al. developed  ZnFe2O4-decorated Al-doped ZnO (AZO) nanow-
ire films [98]. The Al:ZnO nanowires were first grown on the FTO using hydro-
thermal synthesis and subsequently treated with  FeCl3 and calcined at 550  °C. 
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The remarkable photoelectrochemical performance (photocurrent density of 
1.72 mA cm−2 at 1.23 V vs. RHE) was attributed to the synergy of the visible light 
absorption of  ZnFe2O4 and the of high conductivity of Al:ZnO.

Fe2O3 is one of the most studied photoanode materials. There are a number of 
research works and review articles dealing with the modification strategies of hema-
tite such as morphology control, doping and heterojunction formation to improve the 
charge transfer efficiency [191, 192]. Regarding the last strategy, ferrites have been 
also investigated in forming heterojunctions with hematite for photoanodes. The 
most studied one is the  ZnFe2O4/Fe2O3 heterojunction prepared by different synthe-
sis methods. McDonald and Choi employed the electrodeposition route to develop 
core–shell photoelectrodes composed of α-Fe2O3 (core) and  ZnFe2O4 (shell) [193]. 
β-FeOOH films were first electrodeposited on FTO being transformed into α-Fe2O3 
by a thermal treatment and a subsequent treatment with a Zn-containing solution 
covering the iron oxide and annealing to produce the  ZnFe2O4 shell. The best pho-
toelectrochemical performance was obtained for a  ZnFe2O4/Fe2O3 ratio of 1. The 
synergy between  ZnFe2O4 and  Fe2O3 led to an improved electron hole separation in 
the heterojunction interface that is responsible for the increase on the photoelectro-
chemical performance compared with bare iron oxide. In addition, the incorporation 
of  Al3+ leads to a thin layer solid solution  (ZnFe2–xAlxO4 or  Fe2–xAlxO3) after heat 
treatment. This reduces the electron–hole recombination centres, but decreases the 
catalytic activity for the oxygen evolution reaction (OER). Guo et al. also use hydro-
thermal synthesis to grow the FeOOH nanorods and subsequent treatment with dif-
ferent concentrations of Zn precursor leading to  ZnFe2O4/Fe2O3 nanorods [194]. The 
photocurrent density for the composite electrode was 0.44 mA cm−2 at ca. 1.2 V vs. 
RHE, which was almost twice as high as that for a  Fe2O3 electrode (0.24 mA cm−2). 
On the other hand, Borse et al. used a plasma spray method to deposit an aqueous 
solution of Zn and Fe salts over stainless steel leading to a  ZnFe2O4/Fe2O3 elec-
trode affording a photocurrent fivefold higher than for bare Zinc ferrite. In addition, 
the hydrogen evolution rates were determined to be 46.3 μmol cm−2 (STH conver-
sion = 0.06) and 99.0  μmol  cm−2 (STH conversion = 0.0125) for  ZnFe2O4 and the 
 ZnFe2O4/Fe2O3 photoanode, respectively [195].

Kim et  al. [196, 197] reported the preparation of heterojunction photoanodes 
using p-CaFe2O4 with TaON and  BiVO4. The selection of these oxides is due to their 
staggered relative band positions with the ferrite leading to an effective heterojunc-
tion for water oxidation reactions. The  CaFe2O4 layer on the surface of a TaON led 
to an increase in the photocurrent density (1.26 mA cm−2) of about 5.5 times greater 
than bare TaON. This enhancement in the photoelectrochemical performance is 
due to a reduction of the resistance of the charge carrier transport and, therefore, an 
improved electron–hole separation [196]. In the case of  CaFe2O4/BiVO4 an increase 
of 65% over that measured at the  BiVO4 electrode was observed [197]. In order to 
improve the photoelectrochemical performance, an OER co-catalyst (cobalt phos-
phate, Co-Pi) was deposited on  CaFe2O4/TaON. After deposition of Co-Pi, stoichio-
metric  H2 and  O2 production was obtained (123 μmolH2 and 59 μmolO2) by apply-
ing a bias of 1.23 V vs. RHE after λ ≥ 400 nm irradiation for 3 h. An STH efficiency 
of 0.053% at 1.0 V vs. RHE was obtained, which was increased to 0.55% by cou-
pling a photovoltaic cell in a tandem configuration, assuming 0 V applied voltage. 
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Nevertheless, the initial current declined ca. 50% after 3  h. Similar results were 
achieved with  CaFe2O4/BiVO4 compound photoanodes, but with a lower photocur-
rent and a higher stability.  H2 and  O2 production was 297 and 140 μmol, respectively 
(after 2 h of visible light irradiation), with a faradic efficiency around 80%.

Another example with a calcium ferrite was reported by Ahmed and co-work-
ers, who prepared a p-CaFe2O4/n-Fe2O3 heterojunction photoanode by anisotropi-
cally growing a β-FeOOH film on FTO from an  Fe3+ and  Ca2+ aqueous solution and 
then thermally treating in two steps at 550 °C and 800 °C [198]. This heterojunction 
showed a photocurrent density of 0.53  mA  cm−2 at 1.23  V vs. RHE, which dou-
bled the one achieved with  Fe2O3. This behaviour is explained by a reduction of the 
resistance for charge transfer at the interface between the electrolyte and the elec-
trode and by improved charge separation.

4  Conclusions

Even if ferrites have displayed some appealing properties that make them promising 
materials for light-activated applications for energy and the environment like photo-
catalysis, photo-Fenton and photoelectrochemistry, the amount of scientific litera-
ture dealing with such materials is still lower compared to other types of catalysts or 
semiconductors. Nevertheless, as we have tried to point out here, some works have 
reported interesting results in the aforementioned processes. However, there is still 
room for advancement in the way towards the full understanding of the relationships 
between the physico-chemical properties of these materials and their performance 
in photoassisted reactions. The possibilities that they display for the modification of 
their chemical composition, crystalline structure and optoelectronic properties, as 
well as their versatility for the creation of heterojunction and doped systems, are in 
our opinion the most relevant characteristics of ferrites for their further development 
in photoassisted environmental and solar fuels applications.
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Abstract
The article provides an overview of the most relevant characterization results of het-
erogeneous photo-catalytic materials available in the literature. First, we present a 
summary of the ex situ utilization of physico-chemical characterization techniques. 
In the majority of current works, pre and post-reaction samples are subjected to ex 
situ analysis using a multitechnique approach which attempts to render informa-
tion about the morphological, structural, and electronic properties of relevance to 
interpret photoactivity. Details of the effects on physico-chemical observables of the 
nanostructure and the complex chemical nature (considering mono and multiphase 
materials with presence of several chemical elements) of typical photo-catalysts will 
be analyzed. Modern studies however emphasize the use of in situ tools in order to 
establish activity–structure links. To this end, the first point to pay attention to is to 
consider carefully the interaction between light and matter at the reaction cell where 
the characterization is carried out. Operando and spectro-kinetic methodologies will 
be reviewed as they would render valuable and trusting results and thus will pave the 
way for the future developments in photocatalysis.
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1 Introduction

Heterogeneous photo-catalysis is a field of research intensively investigated 
which includes both energy and environmental applications. This field is essen-
tially defined by the use of photons as the energy source to drive the chemical 
reaction(s) of interest [1, 2]. An inherent part of the research in this and, in gen-
eral, in any field related to catalysis, concerns the physico-chemical characteriza-
tion of the materials. Heterogeneous photocatalysts are frequently nanostructured 
materials in the form of powders or films. Moreover, such materials are domi-
nantly constituted by semiconductors that can handle light and transform photons 
into chemical energy but also by other nanosized materials such as metals, and, 
more frequently, by composite materials having several components of different 
chemical nature [1, 3]. In all active photo-catalytic materials, light is transformed 
in hole and electron-related charge carrier species after absorption. Such species 
would interact with chemical reactants in subsequent steps of the process but such 
chemical steps always compete with the recombination of charge [1, 2]. Both the 
nanostructure as well as the composite nature of the materials posse important 
challenges to the characterization of photo-catalysts and here we will attempt to 
provide a general view of the problem and the current status of the research.

Traditionally, the characterization of such materials was performed in pre and 
post-reaction specimens and was focused on obtaining pertinent morphological, 
structural, and electronic information of the photo-catalysts. Nowadays, such a 
characterization is a pillar of any investigation in photo-catalysis but a push for 
operando studies can be noticed [4, 5]. Moreover, further to such works, there 
are some interesting contributions that try to combine operando spectroscopic 
tools and kinetic studies under the so-called spectro-kinetic approach [6]. Con-
sidering these points, here we will provide a first look into the traditional studies 
but will emphasize results corresponding to more detailed analyses or examples 
concerning advanced methods closely connected with operando or spectro-
kinetic approaches. Operando studies mainly (although not exclusively) focus 
on the analysis of the (surface and/or bulk) of the catalyst while spectro-kinetic 
approaches complete the information attempting to obtain mechanistic and rel-
evant kinetic information of the process under investigation.

The combination of the information from characterization studies attempts to 
give an answer to the most challenging question in catalysis; the settlement of 
activity–structure links that can rationalize and, more importantly, predict activ-
ity, setting up the bases for the future developments in the field.

2  Static View of the Photo‑Catalysts: Traditional Characterization

As mentioned, the use of light to trigger a photo-catalytic process makes that a 
significant number of scientific contributions carried out characterization studies 
of the samples before and after reaction. This may render a restrictive view of the 
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key properties controlling activity. In spite of this, such characterization has been 
shown fundamental to establishing the scientific ground of the field.

There are a significant number of techniques to extract information about het-
erogeneous photo-catalysts, but a simple classification procedure can be based on 
the type of information. Mostly morphological, structural, and electronic types of 
information are relevant to any photo-catalyst. Morphology is frequently analyzed 
by physisorption of gases (nitrogen, carbon dioxide) and mercury, although in recent 
times this is combined with information from other techniques such as X-ray dif-
fraction, nuclear magnetic resonance, or microscopy [7, 8]. Most frequent mor-
phological properties analyzed consider primary and secondary (or aggregate) size 
and porosity. A challenge is to have a complete view of the full distribution of the 
observable(s) in the highly heterogeneous samples or at least rigorous information 
about a few moments (aside the order zero one) of the corresponding observable 
distribution.

Such basic morphological information is combined with structural and electronic 
information. To illustrate the most relevant techniques used to achieve these two 
types of physico-chemical characterizations, we selected a number of techniques 
applied to an anatase-TiO2 material in the presence of a heterocation (tungsten). A 
first challenge when the two cations (Ti and W) coexist in the solid matrix is to 
distinguish between a true doped, single-phase material, and a composite material, 
even in the case of diffraction (and Raman) silent surface species, which may be pre-
sent over a dominant anatase phase [9]. The general system consisting of a dominant 
anatase material having a heteroatom dopand at bulk or surface position(s) and thus 
rendering single or multiple (composite) phase materials can therefore provide a 
general view of the complex task pursued when characterizing a solid photo-catalyst.

Figure 1 contains a summary of the most common techniques applied to obtain 
structural information. Customary, structural information is divided into that intrin-
sic to long-range order, requiring periodicity in atomic arrangement above a few 
nanometers, and characteristic of crystalline materials, and that taking place at a 
local level, below 1  nm, describing the atom organization around a specific posi-
tion and existing in all (amorphous, nano of fully crystalline) materials. As a pri-
mary source of information, X-ray or neutron diffraction and Raman spectroscopy 
renders information about existent crystalline phases. As is well known, diffraction 
comes from the in-phase sum of the elastically scattered photons taking place by 
interaction with the electron cloud of the solid while Raman is an inelastic scatter-
ing process of photons controlled by the polarizability of the electronic cloud. Such 
techniques can detect a contribution from a solid phase if superior to roughly 0.5 
weight percentage. Both techniques can inform about the properties of the crystal-
line domains present in the materials. Concerning nanomaterials, the signal of both 
techniques is sensitive to particle size (crystalline domain), a fact typically detected 
in the peak(s) positions and/or line widths [10]. The complete analysis of such tech-
niques by specific mathematical procedures (such as the well-known Rietveld refine-
ment for diffraction techniques) can render insights into the unit cell parameters and 
volume, tetragonallity in the case of anatase, defect nature and distribution, strain, 
and cation/anion fractional occupation. Information relative to the crystalline size 
(somehow related to the primary particle size) and shape is also accessed from both 
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techniques, although these are morphological parameters mentioned in the previous 
paragraph. Defect nature and distribution is additionally analyzed with the combi-
nation of diffraction and Raman with electron paramagnetic resonance (EPR) and 
other less common techniques [11]. In Fig. 1, analysis of XRD and Raman results 
indicates the presence of a single anatase phase, characteristic of the titania oxide, 
in all the materials presented. The presence of W at the nano materials is shown to 
occupy cation positions of the anatase structure up to a doping level of ca. 25 at.%, 
producing cation (Ti) vacancies to achieve charge neutrality, and altering anatase 
unit cell parameters in a way that mostly tetragonallity (and not cell volume) is nota-
bly affected. So, below a 25 at.% substitution of Ti by W results in the formation of 
substitutionally disordered mixed oxides. Above that limit, W at the surface starts to 
form W–O–W links detectable by Raman and indicative of the formation of (diffrac-
tion silent) surface clusters [9, 12, 13].

The structural properties of a material can be further studied with micros-
copy techniques. There are a number of significant microscopy techniques among 
which transmission (TEM) and scanning (SEM) electron microscopy are the most 

STRUCTURE

Long range order

Short range order

20 30 40 50 60 70 80

cp
s (

a.
u.

)

2θ (degrees)

TiO2

W4

W14

0 1 2 3 4

FT
  (

k2 -w
ei

gh
te

d)

R / A

W2

W4

W19

200 400 600 800 1000

144

W14
970

195 399 517

W4

TiO2Ra
m

an
 In

te
ns

ity
 /

a.
u.

Wavenumber /cm-1

639

Raman

XRD

EXAFS

AC-HAADF-STEM

275 270 265 260 255 250 245 240 235

W11

W2320W80Ti

10W90Ti

In
te

ns
ity

 /
 a

.u
.

Binding Energy / eV

247.3

247.2

247.2

247.2

259.9

259.8

259.8

259.8

W 4d3/2 W 4d5/2

WO3

W43

W23

Fig. 1  Results from experimental techniques used for structural characterization of catalytic solids; 
anatase-based W–Ti mixed or composite oxides with names presenting the W atomic percentage in cati-
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anatase structure. See text for details
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frequently utilized in catalysis. They are frequently combined with electron dif-
fraction and X-ray energy dispersive spectroscopy in order to complete the struc-
tural information already described and extracted from XRD or Raman [14, 15]. In 
particular, in the system under investigation (Fig.  1), the use of STEM (scanning 
transmission electron microscopy here with a high angle annular dark field detec-
tor) was able to identify tungsten atoms at the materials. They are located at the 
more brilliant spots in the image(s) included in Fig. 1. The use of mathematical tools 
(classification techniques based in a K-means clustering algorithm) allow to obtain 
the W–W distance(s) taking place in a material having ca. 20 atomic (cation basis) 
tungsten content. The plot of such an observable (see bottom of Fig. 1) shows well-
defined distance(s) between tungsten atoms, which are exclusively located at spe-
cific (bulk and surface positions) of anatase planes, showing the true doped nature 
of the sample [9]. Of course, microscopy can capture additional details concerning 
the presence of amorphous phases (frequently occurring at surface positions) and/
or details of the defect nature and distribution. Apart from point defects, disloca-
tions, twinning and stacking faults, and antiphase domains are subjects of micros-
copy studies [14, 15].

In a brief comment, here we can mention some techniques specifically dedicated 
to analyzing surface groups present at photo-catalytic materials. Among them, infra-
red spectroscopy is the most utilized, although it can also provide structural (and 
electronic) information coming from the phonon modes of the solids [16, 17]. Sur-
face species, particularly surface hydroxyl groups, are analyzed in photo-catalysts 
with the help of infrared (but also with EPR under light excitation) using or not 
probe molecules [11, 16, 17]. In addition, surface chemical composition can be ana-
lyzed using low-energy surface scattering (LEIS) [18]. In the case of Ti–W systems, 
the Raman band at ca. 970  cm−1 (Fig.  1) is indicative of the presence of surface 
tungsten atoms detected by the formation of W=O bonds [9, 13]. Raman is sensitive 
to the formation of different M–O and (as previously mentioned) M–O–M bonds 
originated by the presence of cations at surface (and bulk) positions in a significant 
number of mixed or composite oxides. Similarly, Raman can detect bonds of other 
(sulfides, nitrides, etc.) chemical compounds [10].

The structural characterization of the solid photo-catalysts is completed with 
the study of the local order of the materials. Typical techniques (which, as men-
tioned, can allow the study of amorphous, nanocrystalline, and crystalline sam-
ples) to handle this issue are extended X-ray absorption fine structure (EXAFS) and 
X-ray photoelectron spectroscopy (XPS). EXAFS is a technique mostly carried out 
in synchrotrons which analyze the signal coming from the interference between the 
incident and scattered photo-electron(s), and gives a picture of the local order for 
atoms (shells) at distances below ca. 6–7 Angstroms from the absorber atom [19, 
20]. In recent times, X-ray total scattering techniques are also utilized to study the 
local order as they offer information at essentially all (local) distances present in 
the nanostructured material [21]. Both techniques differ in the maximum distance 
achievable but also in the fact that EXAFS describes the local structure around the 
absorbing atom (allowing to study all atoms of the sample) while total scatting sig-
nal contains the sum of all pairs of atoms present at the structure. On the other hand, 
XPS scans the unoccupied density of state (far from the edge) as a function of the 
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kinetic energy of the ejected photoelectron and is sensitive to the local arrangement 
around the absorbing atom. It can have a penetration depth between 1 and ca. 3 nm, 
depending on the excitation wavelength. Thus, XPS is considered a surface-sensitive 
technique for most materials [10].

Figure 1 contains information from XAS and XPS techniques in the Ti–W sam-
ples. The Fourier transform of the EXAFS signals of the W  LIII-edge presents peaks 
at shell pseudo-radial distances from the tungsten atom absorbing the X-ray radia-
tion in binary Ti–W oxides. Mathematical analysis of the signal shows, as expected, 
that oxygen occupies the first shell in the oxide but only Ti occupies the second. 
Complete information comes from the shell coordination numbers and distances. 
These observables showed that the first shell has a local structure resembling the 
tungsten oxide local environment (has two subshells at distances differing up to ca. 
0.6 Angstroms) in spite of being at the anatase structure. The second shell shows the 
strong driving force to have M–O–M hetero and not homo-bonds at such structure. 
This second shell changes coordination number drastically with tungsten content in 
the materials. The chemical nature of the second (first metal) neighbor is always Ti, 
a fact that has probes the mixed oxide nature of the samples and has strong implica-
tions in the electronic properties of the nanostructured Ti–W anatase-based mate-
rials. The local environment picture obtained from EXAFS can be combined thus 
with XPS (Fig. 1 includes the W3d region, showing a signal profile compatible with 
the W–O local arrangement already described) to confirm the substitutional position 
of the tungsten cations [22, 23].

So, as a summary of the outcome resulting from the structural characterization 
of photo-catalysts, the center of Fig. 1 gives a pictorial interpretation of the experi-
mental result concerning the structure, presenting the local and middle range order 
around the tungsten atom located in an anatase structure. Of course, such experi-
mental information can be always accompanied and frequently interpreted using 
theoretical results from DFT or similar calculation tools [22, 24, 25]. While at the 
surface, tungsten forms the already-described W=O bonds and, at increasing load-
ings (well above the solubility limit at the anatase structure) W–O–W bonds charac-
teristic of oligo-sized entities [9, 12, 13].

It is also evident that XPS (after now consider within the framework of the struc-
tural characterization) can provide electronic information. XPS and the X-ray near 
edge structure (XANES) technique are frequent techniques applied to investigate the 
electronic information of the solid constituents. The latter technique has the same 
physical origin as EXAFS, but is dominated by multiple scattering effects, while 
EXAFS is dominated by single scattering events. XANES informs about the local 
(symmetry projected) unoccupied electronic density states near or about the edge 
scanned. Again, local means in the close vicinity of the atom absorbing the X-ray 
photons and the electronic transitions occurring in a XANES spectrum are defined 
(in a first approximation) by the Fermi Golden rule [26, 27]. A somewhat similar 
technique corresponds to the electron energy loss spectroscopy (EELS), although 
here the excitation of the catalyst takes place using electrons. EELS can analyze 
inner-shell ionization processes (as XANES) but also plasmon or phonon excitations 
and other physical phenomena [28]. Close information, now corresponding to the 
occupied density of states, can be obtained using X-ray emission techniques (XES) 
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[29]. Finally, XPS can render information about the oxidation state of the cations 
and anions of the material [30, 31].

In Fig.  2, we show the W  LI-edge XANES spectra of tungsten cations at the 
anatase structure together with the W3d XPS peaks. The analysis of the XANES 
edge and XPS binding energy positions for these W-related signals indicates the 
presence of W(VI) species in all Ti–W solid samples. The pre-edge of the XANES 
spectra (located at ca. 12107.1  eV) shows differences with respect to an octahe-
dral W reference indicative of tetrahedral type local symmetry (which can be fur-
ther detailed combining the data with EXAFS results, see above), as well as minor 
changes in the sp electronic density, which can be finely analyzed using the con-
tinuum resonances (peaks after the edge). Combined with an analysis of the W 
 LIII-edge XANES spectra, we can obtain a complete picture of the spd (cation) elec-
tronic density and how it evolves in the Ti–W mixed oxide materials as a function of 
the tungsten content. This can be contrasted or combined with the information com-
ing from an analysis of the valence band by XPS or by a combination of UPS (ultra-
violet photoelectron spectroscopy) and XPS. The result is that a W(VI) cation has a 
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modest increasing electronic charge (with respect to their pure oxide state), mostly 
localized into the d band, as the tungsten content of the mixed oxide increases. 
This happens without altering substantially the energy position of the valence band 
end [13, 22, 23]. Once tungsten is at the surface forming composite oxide systems, 
the electronic properties depend on the size of the aggregates as they differ in the 
amount of tungsten to oxygen single and double bonds (which is also related to the 
formation of W–O–W connections) as well as the sharing of oxygen atoms with 
anatase [9, 12, 13, 23].

Relevant electronic information for photo-catalysis can come from UV–vis-
ible spectroscopy, which analyzes the absorption of light in the UV-visble-near-IR 
region. Aside from providing further details of some cation(s) electronic structure, 
information on the band gap can be obtained. Note than band gap is strongly affected 
by nanostructure [10, 32]. Numerical analysis of direct/indirect gap semiconductors 
obtained from UV–visible spectroscopy can be combined with the above-described 
UPS/XPS study of the valence band to settle down the position of the conduction 
and valence band(s) of any photo-catalyst. Interpretation of the position can be 
obtained by theoretical calculations. In the case of Ti–W mixed oxides described in 
Fig. 2, the combination of experimental and theoretical tools indicate that the band 
gap energy modification with tungsten content is a result of a dominant change in 
the conduction band position. As mentioned above, the band gap change trough the 
Ti–W mixed oxide samples lacks a linear trend with tungsten content as the modifi-
cation of the local order around the tungsten cation occurring around 15 at.% has a 
“disrupting” effect in the conduction band [22, 23].

Finally, we can consider the analysis of the de-excitation process taking place 
after light excitation. This is a key piece to interpret the electronic behavior of the 
photo-catalytic materials. De-excitation of charge carriers after light absorption is a 
complex process having non-radiative and radiative processes. Non-radiative pro-
cesses can be analyzed using calorimetric techniques [33] but literature reports con-
centrate on the use of photoluminescence to analyze the radiative processes [34]. For 
our purposes, most relevant information is related to the analysis of the localized gap 
states presented in any nanostructure material as well as the annihilation of charge 
carrier species. In the case of Fig.  2, the photoluminescence intensity (obtained 
under UV excitation) is dominated by the anatase characteristics displaying anni-
hilation processes concerning electron/hole species. The addition of tungsten to the 
structure decreases the intensity of the photoluminescence spectrum of the pure 
oxide without significant changes. This is proof that the recombination markedly 
decreased in the doped materials. When tungsten is at the surface of the samples, a 
larger intensity with respect to the doped materials is commonly observed, but such 
intensity is also lower than the one of the pure oxide. This indicates that recombina-
tion of charge carriers is also decreased, although not to the extent of doped materi-
als [9, 12, 13, 23, 24].

The center of Fig.  2 summarizes the most interesting electronic characteriza-
tion results in the field coming from the described experimental techniques as well 
as from theoretical calculations. Such information concerns (for a semiconductor) 
the valance and conduction band positions, the existence of localized (gap) elec-
tronic states, and the ability of band-type and localized electronic levels to accept 
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and handle (electron and hole) charge carriers after excitation. In the case of Ti–W 
mixed oxides, the presence of W mostly affects the band gap energy (as mentioned 
in non-linear way with tungsten content) and the conduction band edge, detecting 
minor effects in the valence band and relatively minor localized gap states mostly 
related to surface defects. When tungsten exceeds the solubility limit at the anatase 
structure, the presence of W–O–W bonds are behind electronic properties, trigger-
ing changes in the surface redox and acid–base properties of the solids [9, 12, 13, 
22, 23].

3  Advanced Characterization

Recently, the need for obtaining information on interpreting photo-catalyst behavior 
under reaction conditions has lead to the development of operando studies as well 
as spectro-kinetic approaches. Although both types of experiments are closely con-
nected, contributions in the literature can be ascribed usually to one of these catego-
ries. Therefore, and for practical reasons, we will analyze both in separate sections.

A first (and common to all novel or advanced approaches) point to study active 
materials under the effect of light and the reactive mixture is to define adequately 
the experimental conditions to measure the catalyst portion illuminated. If this is not 
the case, misleading results are likely to come for the corresponding experimental 
observations. This constrain adds to the normal ones in any operando or kinetic cat-
alytic study, e.g., efficient reactant–catalyst contact to avoid internal/external mass 
transfer and near-zero dead volume. Analysis of the light–matter interaction is thus 
mandatory for gas and liquid phase photo-catalytic processes if advanced methodol-
ogies are to be used. A primary result from that would be the catalyst volume under 
illumination and, consequently, the mean free path of light across the sample.

Analysis of the mean free path in a gas phase catalyst (or if a film is used in liquid 
phase) requires calculating the intensity decay through the solid. For a uniform on-
top illumination of an in situ (spectroscopic) cell, we first calculated the value of the 
light intensity at the surface of the material, I

S,�
 [35]:

where n
G
 is the outwardly directed unit vector normal to the catalytic surface. This 

observable is a function of the spectral photon flux of the lamp (together with other 
elements located in the optical path between the source and the catalyst) I

�
(x, y, z;�) 

measured at the direction of the solid angle unit vector � as a function of the inci-
dent light wavelength (λ). Equation (1) eliminates the reflectance of the solid (FR,λ) 
to calculate the available flux and renders the number (moles) of photons available 
per unit area normal to the solid surface and unit time. At the solid surface of a 
“volumetric” sample (i.e., thickness ensuring complete light absorption) this cor-
responds to the so-called superficial rate of photon absorption, ea,s . From this point, 
and using the solid absorption coefficient �

�
 applied to any point of the solid vol-

ume, we can calculate the corresponding observable for all positions of the sample 
[35].

(1)I
S,�

= (1 − F
R,�

) ⋅ ∫
Ω

I
�
(x, y, z;�)� ⋅ n

G
d�d�
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In Fig.  3 we plot results of the ea,s variation in perpendicular to the solid sur-
face corresponding to three broadly used photo-catalysts, commercial P25 (ca. 80% 
anatase and 20% rutile), pure anatase and graphitic carbon nitride g-C3N4 using a 
typical UV illumination source (250–450-nm range, flat intensity) and power (10 
mW  cm−2). Results shown the two extreme values of the absorption coefficient 
reported in literature for each of the above mentioned solids [35, 36]. It can be 
observed that for low-density powder materials or films, light is essentially absorbed 
within the “first” 2 or 3 µm, while in dense powder materials or films it is essentially 
confined to the first micron.

For a liquid phase (solid suspension) process, we need to calculate the volumetric 
rate of photon absorption ( ea,v ) at each position of the reaction volume [37]:

The ea,v requires solving the radiative transfer equation (RTE) to obtain Iλ,Ω (now 
the intensity at each point of the in  situ cell volume) and the measurement of the 
spectral absorption coefficient ( �

�
 ). Solving the RTE in turn requires the complete 

knowledge of the optical properties of the catalyst suspension at the liquid phase; 
the spectral absorption coefficient ( �

�
 ), the spectral scattering coefficient ( �

�
 ), and 

the scattering phase function ( (p(��
→ �)) ) [37]. The liquid phase differs radi-

cally from the gas phase in the point that (liquid phase) scattering of light can occur 
within all spatial directions and thus the intensity at each position of the cell can-
not be obtained in a straightforward way from the illumination source (and solid) 
properties.

In Fig. 4, we plot the ea,v decay from an illuminated surface (“light” progressing 
along the OX coordinate) in a rectangular cell having two (typical) parallel windows 
for spectroscopy and variable distance between them (the OX coordinate). Light 
spectral distribution and intensity for on-top illumination are equal to those used in 
Fig. 3. To illustrate the situation, four solids, Degussa P25, pure anatase, g-C3N4, as 
well as  SnS2 (all typical photo-catalytic semiconductors) were used. For each solid, 
four concentrations (from 0.1 to 2 g  l−1) are presented, covering the concentrations 
typically used in experimental catalytic experiments. Figure 4 shows than the differ-
ent optical properties of the solids makes than even at relatively low concentrations 
(0.5 g  l−1) some of the samples (P25 and  SnS2) render a significant decrease of light. 
In any case, for all samples, the optimal concentration of the samples is around 1 g 
 l−1 and the decay profile shows that almost all photons are utilized well below 1 mm 
away from the illumination surface.

Summarizing, to perform operando or spectro-kinetic studies, we have to be very 
careful with the volume and path probe by the beam of each spectroscopy. They 
need to match the one fully illuminated. Light penetration is, as a rule of thumb, in 
the order of a few (typically less than 5) microns in the gas phase and well below 
1  mm in the liquid phase. Here we will describe experiments taking into consid-
eration this point (with specificities for each experimental technique) or mention 
the potential weaknesses of others that did not take this point fully into account. Of 
course, such a point has peculiarities specific for each spectroscopy, which will be 
detailed in subsequent sections.

(2)ea,v = ∫
�

�
�
⋅ ∫
�=4�

I
�,Ω

(

x,�
)

d�d�
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3.1  Operando Spectroscopy

Studies focusing on photo-catalytic solid samples at reaction conditions were mostly 
performed using X-ray absorption spectroscopy (XAS) with a limited number con-
sidering the use of Raman and XPS. Both X-ray absorption near edge (XANES) and 
X-ray extended absorption fine structure (EXAFS) have been used to follow the evo-
lution of a catalyst under the simultaneous influence of light and reactants.

XAS studies using pump and probe procedures were mostly aimed at understand-
ing charge carrier capture and transfer processes. In the case of titanium [38] and 
tungsten [39] oxides, the photoabsorption process occurs with partial reduction of 
(mostly surface) cation species form their initial  Ti4+ and  W6+ chemical states, fol-
lowed by a local structural distortion in the tungsten case. The studies thus estab-
lished a way to analyze the trapping of excited electrons in the solids. Also, the 
charge transfer process between semiconductors and metals has been analyzed using 
pump and probe XAS. The process of charge transfer between gold and titania under 
visible light excitation was the objective of several works using X-ray absorption 
and emission techniques. In particular, they analyzed the electron transfer and cap-
ture occurring after visible light excitation in materials having metallic gold species 
deposited over titania. A rather interesting study pointed out the key role played by 
Ti surface centers in the vicinity of the metal particles. Such Ti cations behave as 
long-lived trapping charge centers allowing the transfer of charge from the noble 
metal particles to titania after light excitation of the metal component with visible 
light [40]. The same subject was investigated in other publications that analyzed 
electronic details concerning the formation of electron–hole pairs after light excita-
tion in gold as well as the subsequent transfer to the titania semiconductor [41]. A 
similar procedure was carried out to investigate Cu doping of a InP nanostructure 
material, detecting the capture of a hole by copper after light excitation, relaxation 
differences between bulk and surface copper species, and the annihilation of charge 
localized at copper with initially trapped electrons [42].

XAS has also been utilized in situ to study the behavior of different photo-cat-
alysts during reaction. A recent contribution considers the Co-Ru-UIO-67(bpy) 
photo-catalyst, based on a metal organic framework platform with incorporated 
molecular photosensitizer (bpy; bipyridine) and “active” Co and Ru species. The 
XAS analysis (Fig.  5) showed that the reduction of  Co2+ to  Co1+ with electrons 
coming from the sensitizer (bpy) has a relevant role in driving activity in hydro-
gen photo-production under visible light. This process occurs after an induction 
period, which suggests that a local reordering around or connected with Co centers 
is required to achieve photo-activity [43]. Although MOFs and other novel systems 
are analyzed using XAS, most results reported correspond to oxide or metal parts of 
composite photo-catalysts. Studies of non-noble metal atoms like Cu or Ni showed 
the dominant presence of oxidized phases, which evolves in a limited quantity (typi-
cally the fraction of atoms evolving is well below 10%) to a reduced state. This has 
been analyzed for the photo-oxidation of 2-propanol [44] as well as the reduction of 
 CO2 in presence of water [45]. However, a recent contribution taking into account 
the matching of spectroscopic and illuminated sample volumes uncovered a more 
complex evolution of the non-noble metal component for titania-based materials 
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used for gas-phase hydrogen photo-production from bio-alcohols [36]. The use of 
micro-XAS techniques for Cu, Ni, and CuNi titania-supported materials provided 
evidence of the different physico-chemical properties of the non-noble components 
as a function of the depth from the illuminated surface of the experiment. Figure 6 

Fig. 5  a Time profile of  H2 production by Co-Ru-UIO-67(bpy) under 447  nm LED illumination at 9 
mW in the presence of TEOA (0.3  ml) and  H2O (0.4  ml) in acetonitrile solution (3  ml). The inset is 
the duration of induction period as a function of Co-Ru-UIO-67(bpy) concentration and LED power. b 
In situ XANES spectra of Co–Ru–UIO-67(bpy) as a function of irradiation times. The insets are enlarged 
regions I and II. c The offset first derivative of in  situ XANES spectra. d In  situ XANES spectra of 
Co-Ru-UIO-67(bpy) after LED was switched off to observe change back to the original spectrum. The 
comparison of XANES (e), EXAFS (inset of e), and EXAFS spectra in R space f of Co-Ru-UIO-67(bpy) 
before illumination and the intermediate species formed after the induction period ends. Reproduced 
with permission from Ref. [43]
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schematically summarizes the results concerning the Cu component as Ni only suf-
fers rather modest variations in the mono and bimetallic catalysts. At the bottom part 
of Fig. 6, we can see the chemical state of the Cu and CuNi-containing materials 
at dark conditions. Copper is fully oxidized in both samples as a consequence of 
the preparation stage triggered by the calcination treatment of the materials. Under 
reaction, at positions of the cell where light absorption by the catalysts does not 
essentially occur, the Cu component appears fully reduced in both samples. This is 
an effect of the alcohol acting as a reductant at room temperature. Some differences 
take place between the mono and bimetallic catalysts as a small fraction of Ni is 
co-reduced with copper in the binary sample. However, the most important result 
appears when scanning the zone of the catalyst within the simultaneous action of 
the light and the reactants. In this case, copper is partially oxidized in both (mono 
and bimetallic) materials with respect to the exclusive effect of the reactants. In the 
case of the monometallic catalyst, this oxidation process leads to the formation of 
a core–shell structure with a metallic kernel. In the case of the bimetallic material, 
the oxidation process progresses in a more important way, leaving only rather small 
metallic entities (of a few atoms) “deposited” onto the dominant oxidized phase. 
So, fundamental physico-chemical aspects of the non-noble metal catalysts are only 
uncovered with the utilization of the appropriate micrometric X-ray beam to obtain 
XAS data. On the other hand, such a study was also able to show and rationalize 
the significant differences in the behavior of mono and bimetallic non-noble phases, 
originated from the different non-noble metal-containing structures stabilized under 
operation conditions.

Fig. 6  Schematic view of the sample and experimental conditions. The sample is confined in a cell, 
which allows simultaneous gas phase treatment and illumination from to top side. Arrows show the direc-
tion of the gas flow, illumination, and incident X-ray micro-beam. The X-ray micro-beam probes non-
noble metal chemical states and structure as a function of the depth from the surface. Panels at the right 
hand depict the most relevant metal-containing phases (Cu(0) brown color; Cu(II) black color) for differ-
ent depths described by the light intensity received. Cu and CuNi samples are considered. Reproduced 
with permission from Ref. [36]
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In absence of reactants, Pt and Ir showed changes in the interaction between the 
metallic state (obtained during the preparation stage of the materials) and the sup-
port under UV illumination [46]. The metallic state was also detected under oper-
ando conditions and assumed to be responsible for visible-light-driven hydrogen 
photo-reforming from methanol in monometallic Au and Cu as well as bimetallic 
AuCu catalysts. Optimum activity for the bimetallic system was achieved in cases 
where an effective interaction (alloying) between the two metals takes place [47]. 
Another study of Pt but in oxidized form (PtO) was carried out during the water 
splitting process. Although the work uses co-catalyst concentrations far from those 
required for a photo-catalytic process, it showed changes in both Pt-O bond distance 
and coordination number under reaction conditions. Such changes likely relate to a 
modification of the interaction with the support. Metallic Pt was not detected or gen-
erated under reaction conditions [48]. Recently, Pt-based materials were analyzed by 
absorption and emission spectroscopies under photo-thermal conditions for CO oxi-
dation. As occurs with some of the previous reports, Pt appears more oxidized under 
illumination and together with the combined effect of temperature controlling noble 
metal surface CO coverage drive to a significant increase in activity with respect to 
dark (thermal-alone) conditions [49].

As mentioned, other experimental techniques focusing on analyzing the solid 
response under photo-catalytic conditions concerns the use of Raman or XPS. These 
two techniques are only occasionally used in the field of photo-catalysis. Raman has 
been utilized to study the face-dependent response of the  K3B6O10Br materials used 
in chlorophenol degradation under visible light [50] as well as the response of a 
core–shell CdS-TiO2 structure for hydrogen photo-production under both UV and 
visible light illumination conditions [51]. The first contribution (see Fig. 7) follows 
the evolution of the (211), (110), and (101) facets of a  K3B6O10Br single crystallite 
(having all these faces) under reaction conditions, showing that only the first suffers 
evolution and at the same time provides higher photo-catalytic activity, a fact likely 
related to the higher OH density (in turn promoted by the higher presence of K) and 
surface interaction with the pollutant [50]. Raman showed, on the other hand, that 
the oxide layer of the CdS-TiO2 catalyst(s) confers stability to the system under reac-
tion conditions concerning hydrogen photo-production, inhibiting the typically cor-
rosion process suffered by the sulphide [51]. A few other examples of using Raman 
consider the analysis of the gas or liquid phase–catalyst interface and will be pre-
sented in following pages.

XPS studies concentrate on the analysis of the surface and near-surface regions 
of the materials in the field of photo-catalysis. As mentioned, XPS can sample 
different depths of the solid depending of the energy of excitation, the usual Mo, 
Mg, or Al K-alpha sources allow sampling a few nanometers of typical photo-
catalysts [30, 31]. A nice work described the response of titania, alumina, and 
silica materials modified with 5 wt% of uranyl nitrate and tested in the oxidation 
of acetone vapor under visible light. The use of XPS (Fig. 8) was able to show 
that the surface uranium species was slowly reduced from  U6+ to the  U5+ on the 
 Al2O3 and  SiO2 surfaces but an easier reduction to the  U4+ state was observed 
on the  TiO2 surface. The catalyst based on  TiO2 revealed a substantially higher 
activity compared to other oxides, which was ascribed to the easy redox handling 
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properties of the uranium species [52]. The same technique was used to follow 
the evolution of Bi nanoparticles supported in titania nanotubes. Initially, a sur-
face passivation of the Bi nanoparticles is detected by XPS under air. As shown 
in Fig. 9, after excitation of the Bi nanoparticles surface plasmon by visible light 
absorption, a charge transfer process takes place, reducing the bismuth oxide 
overlayer located at the surface of the particles. The process does not take place 
in the absence of titania, which acts as a bridge in the electron handling, likely 
due to the existence of long-lived trap states at the titania semiconductor. This 
favors charge separation and photo-activity [53]. Earlier XPS experiments tested 
the C/Ti ratio in titania materials to show that light excitation effectively triggers 
the decomposition of dyes [54].

Fig. 7  Images of the three facets from Raman microscope (a–c), and the corresponding Raman spectrum 
(d–f) for (211), (110), and (101) facets, respectively. Reproduced with permission from Ref. [50]
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The characterization of materials makes use of other techniques than the ones 
previously described (with the exception of Raman) to focus on the analysis of the 
reactant–catalyst interface. The study of the interaction of solids with reactants and 
the formation of reaction intermediates and products is followed by vibrational spec-
troscopies, infrared and Raman, and nuclear magnetic resonance (NMR). Raman 
was utilized to follow the photo-degradation of p-aminonitrophenol with a titania 
material and visible light. The study followed the formation of several azo com-
pounds described as kinetically relevant intermediates in the degradation process 
[55]. NMR was used to analyze the formation of C-containing intermediates in 
hydrogen photo-production through alcohol reforming, indicating that the reaction 
occurs through a chain of consecutive reactions [56].

Infrared spectroscopy has been profusely utilized in operando or spectro-
kinetic studies and here we first described the operando studies dedicated to 
describe the interaction and evolution of reactants at the photo-catalyst surface. 

Fig. 8  Photoelectron U4f spectral regions for 5UT (uranium/titania) (a) and 5UA (uranium/alumina) (b) 
catalysts during in situ experiments. The plots correspond to: the initial samples (1); after 450-nm LED 
irradiation for different time periods (2–4). Reprinted with permission from Ref. [52]
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Traditional infrared works carried out studies investigating the photo-oxidation 
(or less typically photo-reduction as, for example, the case of NO reduction to 
nitrogen) of several pollutants such as hydrocarbons [57, 58], alcohols [59–63], 
aldehydes and ketones [64, 65], acids [66–68], dyes [69, 70], NO, CO, and inor-
ganic molecules [71–74]. More recently, interest has been focused on the analysis 
of hydrogen production from water or using alcohols as sacrificial agents, as well 
as the reduction of carbon dioxide using water or hydrogen as reducing agents.

Hydrogen photo-production is a key technology for a greener future. The use 
of sacrificial molecules and particularly alcohols which can come from natural 
resources has been subjected to intensive research within the context of this reac-
tion. Infrared spectroscopy results using methanol, ethanol, and iso-propanol 
showed the adsorption over titania of the alcohol as both neutral molecule and 
(for methanol and ethanol) alcoxy entities [75–78]. Figure  10 displays a repre-
sentative example, which concerns the methanol photo-reforming reaction over 
Pt-promoted (Degussa) P25 catalysts [75]. As mentioned, Fig. 10b, g provide evi-
dence of the adsorption of the methanol and methoxy species at dark conditions 
through the analysis of C–H bond contributions. After illumination, negative 
bands indicate that these species (as well as molecular water) are eliminated from 

Fig. 9  Schematic illustration of the in situ XPS test procedure, which introduces an optical fiber into the 
vacuum chamber (a). The in situ XPS spectra of b Bi 4f, c Ti 2p, and d O1 s under visible light illumina-
tion. Reprinted with permission from Ref. [53]
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the surface or consumed with concomitant formation (positive bands) of carbon 
dioxide (Fig. 10c, h). There is also parallel formation of several carboxylate moi-
eties (positive bands at Fig.  10e, j). The more interesting point of the study is 
the appearance of carbon monoxide (Fig. 10d, i), which appears strongly corre-
lated with the activity of the materials. Larger intensity of the carbon monoxide 
signal(s) leads to larger activity, evidenced by the behavior of the gas-phase car-
bon dioxide signal(s) concomitantly detected in the infrared spectra. The adsorp-
tion of the CO species seems relatively weak, as they decrease under a subse-
quent dark period. CO is likely formed from the carboxylate species detected by a 
water gas-shift type reaction with hydroxyl entities from the support. The positive 
or negative role of CO on the reaction depends on its degree of interaction with 
the metal, the efficiency of its handling by the metal-support interface (and thus 
its removal from the metal surface) but also relates to the nature of the carboxy-
late (or other) species from which it evolves. The key issue of the study is that the 
alcohol molecule is activated by a series of steps (which concomitantly lead to 
carbon-containing products and hydrogen ions leading to hydrogen at the metal 
surface) up to the production of surface formates and that the evolution of such 
species occurs with a critical involvement of the metal–support interface through 
a water gas shift-type step. This step would control kinetically the activity of the 
two noble metal P25 but also anatase-based noble metal promoted materials [75, 
76, 78].

The transformation of carbon dioxide is of importance in the controlling of global 
warning. The reduction of this molecule can render useful chemicals such as carbon 
monoxide, methane, and, in optimal conditions, methanol, providing a nice route 
to synthesize valuable chemicals within the context of a circular economy. Infrared 
studies look into such a reaction, with particular emphasis in the analysis of the  CO2 
activation step(s) using titania-, carbon nitride-, sulphide-based and others catalysts 
[79–82]. As shown in Fig. 11, titania materials are able to adsorb carbon dioxide in 
several different forms in the presence of water. Monodentate, bidentate y chelating 
brigde carbonates are usually formed but are commonly considered as expectator 
species without kinetic significance. Apart from that, the negatively charged  CO2 
entity as well as formate ions (also connected with some surface species detected in 
Fig. 11) are considered true intermediates of different reaction products formed in 
the photo-reduction reaction. In fact, the first is described as directly related to the 
production of methane in titania-based materials; a linear relationship was presented 
between the intensity of IR bands of such entities (negatively charged carbon diox-
ide) and the rate of methane production [82]. On the other hand, the second, formate 
species is described by a combination of infrared and theoretical results as the inter-
mediate leading to CO production in  SnSx-based photo-catalysts [81].

Fig. 10  DRIFTS spectra for the in  situ analysis of the methanol photo-transformation occurring under 
reaction conditions: upper panel, P25-5Pt (0.5 wt% Pt onto P25 prepared by chemical deposition with 
a metal/reductant ratio of 5); lower panel, P25-10Pt (0.5 wt% Pt onto P25 prepared by chemical deposi-
tion with a metal/reductant ratio of 10) samples. Difference spectra obtained during saturation with the 
alcohol:water mixture (upper zone of each panel), under reaction-illumination conditions (middle part) 
and subsequently at dark conditions (bottom part) are presented. Reproduced with permission from Ref. 
[75]
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3.2  Spectro‑Kinetic Studies

A well-described experimental methodology in catalysis is related to the study 
of the mechanism and kinetics of a reaction using spectroscopic tools. In photo-
catalysis, such a task has complications coming from the necessity of including 
light into the mechanistic framework, leading to what is called light-triggered 
intrinsic kinetic formalisms [6, 83–85]. Spectro-kinetic schemes have been 
utilized in photo-catalysis to answer two main questions; first the study of the 
kinetic significance of radical species, and second to detail or analyze the poten-
tial mechanism of different photo-reactions.

Photo-catalytic reactions are initiated by radical species produced after light 
absorption but the analysis of their kinetic relevance is relatively complex. Some 
simple kinetic analysis worked out relationships between the amount of radical 
species, typically measured with electron spin resonance (EPR) or optical spec-
troscopies with the help of probe molecules, and the reaction rate. More con-
cretely, the hydroxyl radical species was found kinetically significant through 
this methodology for a series of reactions. This is the case of Fe(III)-deposited 
Ru-doped  TiO2 photo-catalysts used for the liquid-phase photo-degradation 

Fig. 11  DRIFTS spectra for the in  situ analysis of the carbon dioxide reduction with water for titania 
 (TiO2) and back-titania (H-TiO2−x) samples at dark (a, b) and under visible illumination (c, d). Repro-
duced with permission from Ref. [82]
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acetaldehyde using visible light [86] as well as the production hydrogen from bio-
mass molecules using Sn-grafted Ru:TiO2 photo-catalysts [87]. A more elabo-
rated analysis considers the measurement of the rate of radical (hydroxyl) spe-
cies normalized per rate of photon absorption [83]. Such an observable can be 
obtained from joined EPR and optical measurements and is shown to be propor-
tional to the ratio between the rate constants of creation of hydroxyl-type radi-
cals and the electron–hole recombination process. This is a measure of the rate at 
which such species are available at the surface of the photo-catalyst. In Fig. 12, 
this observable (called EPR parameter) is conformed against the reaction rate for 
different series of catalysts. An additional measurement of the rate of hydroxyl 
availability at the surface using a kinetic approach is also conformed (so-called 
kinetic parameter) with the reaction rate in Fig. 12. The two different experimen-
tal measurements allow to validate each other and, at the same time, render a 
robust procedure to check if hydroxyl-radical species can be kinetically signifi-
cant in photo-catalytic reactions. The application of this methodology in Fig. 12 
concerns the use of binary ceria–titania and carbon nitride–titania materials to 
investigate UV and sunlight triggered photo-oxidation of acetaldehyde [88] and 
toluene [89, 90], as well as quaternary MnOx-carbon nitride/ceria-titania pow-
ders used in toluene photo-elimination [91]. Both UV and visible illumination 
conditions are considered. Results in Fig.  12 show that binary and quaternary 
titania-based materials and their (single phase or component) counterparts dis-
play linear relationships between the rate of surface hydroxyl availability and 
the reaction rate, yielding a demonstration that the mechanism is hole-mediated 
and that composite materials has physical effects influencing activity by increas-
ing the hydroxyl-related rate. This provides experimental evidence of the type of 
mechanism and informs about the potential key kinetic steps.

The study of intermediates and, in general, of the reaction mechanism is typi-
cally followed with infrared spectroscopic using micro-kinetic schemes. The 
photo-oxidation of 2-propanol is a frequent subject, showing always the pro-
duction of acetone as a key intermediate [92]. The surface of titania-based cat-
alysts has a rather high coverage of 2-propanol, which limits the reaction rate 
and also complicates the progression of the reaction from acetone to gener-
ate further oxidized carbon-containing species [60, 93, 94]. Figure  13 displays 
results concerning a thorough analysis of the photo-oxidation of acetaldehyde 
using titania catalysts having or not sulfate surface groups [95]. Panels A1 and 
A2 exemplify the evolution of the IR signal corresponding to the target pollut-
ant in a step-wise, cycled experiment consisting in gas dosing, purging in syn-
thetic air, and UV irradiation. A drifting background (as a consequence of the 
conduction band electrons) was subtracted to isolate the IR peaks, which were 
subsequently modeled within a micro-kinetic analysis. Acetaldehyde, crotonalde-
hyde (depending on the surface properties of titania, only appearing in absence 
of sulfate species), other intermediates such as formates and  CO2 (panels C1 and 
C2 of Fig.  13) were analyzed using a (sequential) mechanistic scheme such as 
CH3CHOads → CH3(CH)2CHOads → HCOOads → CO2 . The modeling describes 
the spontaneous formation of crotonaldehyde in the bare titania surface, which is 
hindered by interaction of the acetaldehyde with sulfate groups. Such groups also 
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weaken the interaction of the catalyst with some aldehyde and carboxylate spe-
cies. The study concludes that the sulfate surface groups have a positive catalytic 
role mostly related to the modification of the pollutant adsorption (enhanced sur-
face coverage related to the absence of crotonaldehyde) and a diminished poison-
ing (carbonate-related) of the surface, with relative minor effects in the coverage 
and rate of the carboxylate-type reaction intermediates. This affects activity as 
well as the stability of the catalyst.

4  Conclusions

The characterization of photo-catalytic materials is here analyzed through the review 
of ex situ and in situ results coming from a survey analysis of the literature. Char-
acterization aims to provide the relevant information to establish structure–activity 
relationships, which can interpret the functional properties of photo-catalysts and 
can allow future improvements of the field.

Up to date, the ex situ study of pre and post-reaction photo-catalysts is the most 
common way of analyzing the physico-chemical properties of the solids. Mul-
titechnique approaches leading to complete information concerning morphological, 
structural, and electronic properties are required to provide insightful results. We 
described the most common techniques for such purpose and provided a brief sum-
mary of the information extracted using as a representative example Ti–W binary 
materials leading to doped or composite materials after calcination treatments.

However, this review article put more emphasis on presenting advanced charac-
terization methodologies. Axiomatic to such approaches is the analysis of the inter-
action of the catalysts with light at the reaction cell where the physico-chemical 
characterization is performed. Such analysis leads to information about the catalyst 
volume (or depth from the illuminated surface), which is illuminated and which 
would need to the (exclusively) probed by advanced characterization tools. For 
UV and visible wavelengths, the mentioned deep is of a few micrometers (below 
5) in the case of reactions using solid powders or films and of the order of 1 mm 
for reactions using catalyst suspensions. Dismissing this information could drive 

Fig. 12  a Correlation plot of the normalized kinetic parameter ratio (squares) and the EPR normalized 
rate of hydroxyl-type radical formation (circles) vs. the reaction rate for acetaldehyde degradation using a 
pure anatase (Ti) sample and a titania-ceria composite (0.025 mol% ceria; 0.025 CeTi) sample. Blue: UV 
irradiation, red: visible irradiation. Reprinted with permission from Ref. [88] © 2014. b Correlation plot 
of the normalized kinetic parameter ratio (squares; olive color) and the EPR normalized rate of hydroxyl-
type radical formation (circles; magenta color) vs. the reaction rate for toluene degradation using a pure 
anatase (Ti) sample and a titania-ceria composite (xCeTi) sample. Reprinted with permission from Ref. 
89 © 2014. c Correlation plot of the normalized kinetic parameter ratio (squares; olive color) and the 
EPR normalized rate of hydroxyl-type radical formation (circles; magenta color) vs. the reaction rate 
for toluene degradation using a pure anatase (Ti) sample, titania-ceria (CeTi), Mn: carbon nitride-titania 
(g-Mn/Ti), and Mn: carbon nitride–ceria–titania (g-Mn/CeTi) composite samples. Reprinted with per-
mission from Ref. [91] © 2014
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to misleading results coming from the characterization. Both operando and spec-
tro-kinetic approaches are described as advanced tools for the settlement of struc-
ture–activity in photo-catalysis. Such tools are used to obtain information about 
the catalytic active phases as well as for interpreting the mechanism and relevant 
kinetic steps of the catalytic processes. In these cases, we reviewed more exciting 
results coming from the application of characterization techniques such as infrared 
and Raman, electron paramagnetic, X-ray photoelectron and absorption, and nuclear 
magnetic resonance spectroscopies.
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Abstract
The photocatalytic dehydrogenation of formic acid has recently emerged as an outstand-
ing alternative to the traditional thermal catalysts widely applied in this reaction. The 
utilization of photocatalytic processes for the production of hydrogen is an appealing 
strategy that perfectly matches with the idea of a green and sustainable future energy sce-
nario. However, it sounds easier than it is, and great efforts have been needed to design 
and develop highly efficient photocatalysts for the production of hydrogen from formic 
acid. In this work, some of the most representative strategies adopted for this application 
are reviewed, paying particular attention to systems based on  TiO2, CdS and  C3N4.

Keywords Hydrogen production · Formic acid · Photocatalyst · Semiconductor · 
Heterojunction

1 Introduction

Hydrogen holds great hope in the current energy scenario as a promising energy 
vector able to replace the widely used vectors based on fossil fuels (coal, oil, and 
gas). This is due not only to the rapid depletion of fossil fuel reserves, but also to the 
increasing energy demand experienced in the last decades and the negative impact 
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of the use of such fuels due to the generation of greenhouse gases [1]. Among green-
house gases, carbon dioxide  (CO2) is the largest contributor to climate change [2]. 
As a proof of the impact of anthropogenic activities in the emission of  CO2, its con-
centration in the atmosphere has increased greatly since the Industrial Revolution 
(270–275 ppm in 1750; 310 ppm in 1950; 408 ppm in 2018), with a total emission 
of 36 Gt  CO2 per year, 91% of it being generated by anthropogenic activities [3].

The worldwide concern regarding climate change has resulted in global agree-
ments to combat its tragic consequences. For example, the Kyoto Protocol and the 
more recent Paris Agreement (United Nations Framework Convention on Climate 
Change; UNFCCC) [4], aim to keep global warming below 2 °C. In such an energy 
context, the role of renewable and clean energy is gaining more and more impor-
tance. Among renewable resources, the use of solar and wind energy as well as 
hydropower are green energy power sources of interest in the quest to satisfy global 
energy demand. Such renewable sources have several advantages compared  to fossil 
fuels and nuclear-based energy: (1) low variable cost of production; (2) no produc-
tion of waste linked to the generation of power; and (3) suitable for decentralized 
power generation [5].

However, their obvious advantages come with important drawbacks related to 
their intrinsical dependence on day–night intervals, seasons, and fluctuating envi-
ronmental conditions, which result in periods of deficit and surplus of energy out-
put [6, 7]. In such a complicated energy scenario, hydrogen, as a never-ending and 
renewable source of energy, emerges as an outstanding energy vector for mobile and 
stationary applications. Hydrogen was recently defined by the International Energy 
Agency (IEA) as a flexible energy carrier, which can be produced from any energy 
source, and which can be converted into various energy forms [8].

The widespread implementation of the so-called “hydrogen economy” faces not 
only technical barriers, but also headwinds related to the political and economic 
interests of using fossil fuels. However, the scientific community has a moral obliga-
tion to search for possible solutions to issues related to the production, storage, and 
transportation of hydrogen. The production of hydrogen can be carried out through 
both renewable and non-renewable means; currently, steam methane reforming of 
natural gas is the main process used, accounting for approximately 48% of total 
production [9]. However, this process is linked to the generation of  CO2 emissions, 
which tarnishes the concept of “green hydrogen production” [10]. Aside from that, 
safety issues related to the physical storage of hydrogen by compression and cool-
ing are also a focus of discussion because of the very high pressure levels (up to 
700–800 bar) or very low temperatures (−252 °C) required [11–15].

The generation of molecular hydrogen  (H2) from hydrogen carrier molecules 
that contain it in their structure has recently been claimed as an auspicious option. 
Such molecules provide a unique way to deliver molecular hydrogen in a reversible 
way by means of chemical reactions, and, although hydrogen production by these 
means is not as mature as the classical alternatives, there are already a number of 
potential candidates that show interesting characteristics [16–25]. Among them, liq-
uid organic hydrogen carriers (LOHC) are recognized as an ideal option in terms 
of cost, safety and manageability [26, 27]. Included within LOHC are all hydro-
gen storage systems that are liquid in their hydrogen-rich form [11]. Such molecules 
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can be dehydrogenated and re-hydrogenated, and show great potential for use in sta-
tionary and transportation applications [5, 28]. Among LOHC investigated for this 
application (e.g., N-ethylcarbazole, dibenzyltoluene, naphthalene, methanol, tolu-
ene, etc. [26, 27]), the suitability of formic acid (HCOOH, FA) has been highlighted 
by a plethora of recent publications reporting the investigation of  H2 production 
from FA via dehydrogenation reaction (HCOOH ↔  H2 + CO2) [29–35]. FA is the 
simplest carboxylic acid and has attracted great attention due to its non-toxic char-
acter, stability, and high hydrogen content (4.4 wt% and 53 g  L−1) [30, 31]. Further-
more, FA is readily available from sources such as oxidation of biomass, and it is an 
intermediate, byproduct, and product of the chemical industry, as well as a product 
of the hydrogenation of  CO2 [36].

The HCOOH/CO2 system has been claimed to be an ideal environmentally 
friendly system for hydrogen storage, with the  CO2 produced in the dehydrogena-
tion reaction being re-hydrogenated to HCOOH in a carbon-free emission process 
[37]. The use of catalysts is vital in the reactions involved in hydrogen storage and 
release. Traditionally, homogeneous systems have been used to boost the dehydro-
genation of FA, starting with the pioneering investigation reported by Coffey in 
1967, in which Pt, Ru and Ir phosphine complexes were used [38]. Although FA 
has attracted interest for the  H2 production for more than five decades, its use as a 
LOHC was not claimed until 2008 by the independent investigations of Laurenczy 
[39] and Beller [40, 41].

The more convenient use of heterogeneous catalysts has motivated the search for 
new alternatives to achieve competitive and selective heterogeneous systems able 
to catalyze the dehydrogenation of FA under mild or moderate conditions. Signif-
icant breakthroughs in the field have been achieved while exploring aspects such 
as the features of the metallic active phase [42–46] or the properties of the sup-
port [44, 47–50]. Most investigations reported so far use relatively high tempera-
tures to achieve acceptable conversion of FA into  H2. However, CO can be also 
produced from FA at high temperatures by following the dehydration reaction 
(HCOOH → CO + H2O), which is a poison of the catalysts used in fuel cells [51].

Recently, the photocatalytic dehydrogenation of FA has also attracted great atten-
tion as a promising option for the generation of  H2 at room temperature. In most 
cases, the catalysts used are Mott–Schottky photocatalysts, which use a semicon-
ductor support and metal nanoparticles of diverse composition (i.e., Pd, Pt, Au, Ag, 
etc.) [52].

The use of sunlight, as a green and abundant energy source, is of great interest 
in the current energy scenario. In particular, the use of sunlight for the production 
of  H2 unites two pillars of research aimed at the realization of a sustainable energy 
future. Most solar-to-hydrogen production is based on the water splitting reaction 
[53, 54], but photocatalytic processes have also been utilized for the production of 
 H2 from other molecules, such as ethanol [55, 56], methanol [57, 58], glycerol [59, 
60], hydrazine [61], ammonia [62, 63], ammonia borane [17, 20, 64, 65], etc.

Here, we review some of the most representative investigations dealing with the 
production of  H2 from the photocatalytic decomposition of FA. The photodecom-
position of FA has frequently been investigated from other points of view, such as 
the degradation of pollutants, the use of FA in photoelectrochemical cells, or the 
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role of FA as an intermediate in the photocatalytic oxidation of other molecules 
(i.e., formaldehyde, acetaldehyde, ethanol, and acetic acid) [66, 67]. For that reason, 
the mechanism involved in the photodecomposition of FA has been studied widely 
by both experimental and theoretical researchers. However, uncertainty remains 
because of the various possible adsorption configurations of FA on the surface of 
photocatalysts. Ji and Luo [66] reported that FA photodecomposition can take place 
via either a one-step mechanism (without any reaction intermediate), or a two-reac-
tion mechanism in which FA first forms a formate radical and subsequently forms 
 CO2 with an electron injected into the conduction band of the semiconductor.

• One-step mechanism:

• Two-step mechanism:

In order to review the most important breakthroughs achieved in the field, the fol-
lowing sections are divided according to the main component of the photocatalytic 
system (i.e.,  TiO2, CdS,  C3N4, etc.).

2  Photocatalytic Systems Based on  TiO2

Starting a review on photocatalytic applications by highlighting the importance of 
titanium dioxide is a must. Although the investigation of  TiO2 in photocatalysis 
has long since begun, it remains one of the most important photocatalytic materi-
als because of the great performance shown in multiple applications by virtue of 
features such as its low cost, chemical inertness, low toxicity, excellent thermal and 
photo stability, and scalability [68, 69]. The great potential of  TiO2 for a photocata-
lytic application was firstly discovered by Akira Fujishima in the late 1960s with his 
investigation into the photo-splitting of water [70, 71]. After that,  TiO2 became the 
semiconductor material most often used for photocatalysis, and it has been utilized 
for countless applications [72–76]. The application of  TiO2 for the production of  H2 
from FA has also attracted great attention. Some of the strategies found in the litera-
ture towards the design of high-performing photocatalysts for the decomposition of 
FA using  TiO2 are based on the modification of its properties by means of doping 
or creating hybrid nanostructures with metal nanoparticles, synthesizing shape-con-
trolled  TiO2 nanoparticles, etc. Such approaches found in the literature are briefly 
reviewed here.

It is well-known that most photocatalytic processes are carried out at room tem-
perature by excluding the heat generated by the infrared part of the solar spectrum 
using external cooling systems. In an attempt to fully use the solar energy, i.e., both 
photo and thermal contributions, thereby maximizing the process from an economic 

HCOOH + h
+
→ CO2 + 2H+

+ e−
cb

HCOOH + h+ → HCOO
⋅ + H+

HCOO⋅

→ CO2 + H+
+ e−

cb
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viewpoint, Liu and co-workers explored the effect of both energies in the decomposi-
tion of FA [77]. For this purpose, Pt/TiO2 catalysts prepared by photodeposition and 
with  H2PtCl6·6H2O as the metal precursor were used as model to study the photo-
thermal generation of hydrogen up to 90 °C (i.e. 35, 70, 80, and 90 °C). The impact 
of the photo and thermal effects was differentiated by using LEDs emitting purple, 
blue and white light. The sets of catalytic tests consisted of: (1) photocatalytic test at 
35 °C (Pt/TiO2-P); (2) thermal reaction at 90 °C (Pt/TiO2-P); (3) photothermal cou-
pling reaction (photo + 35 °C, photo + 70 °C, photo + 80 °C, and photo + 90 °C, Pt/
TiO2-PT). The results obtained are summarized in Fig. 1. As expected, the thermal 
tests gave higher  H2 yield with increasing temperature. As for the results achieved 
with photothermal experiments, a more pronounced dependence with temperature 
was observed, and the  H2 yield was 8.1 and 4.2 times than that obtained with photo 
and thermal experiments, respectively. This effect was ascribed to a synergetic effect 
of the photo and thermal contributions in Pt/TiO2 catalysts. After performing the 
test with different LED light irradiations, it was concluded that the  H2 yield fol-
lowed the order white > blue > purple, confirming the synergistic effect between the 
thermal catalytic and photocatalytic processes under blue and purple illumination 
conditions.

The catalysts were characterized in depth, and the tentative mechanism displayed 
in Fig.  2 was proposed. According to research findings, the photothermal activity 
was due to the presence of both non-plasmonic Pt and  TiO2 nanoparticles. Accord-
ing to the proposed mechanism, the production of  H2 takes place mainly on the Pt 
nanoparticles, and the adsorbates derived from FA are mainly responsible for the 
consumption of holes. When the sample is irradiated with UV light, electrons trans-
fer from the valence band to the conduction band, and rapidly transfer to Pt nan-
oparticles. The adsorbates derived from FA are oxidized by the holes and release 
hydrogen protons (Hf

+), which are accepted by the water species  (H2HfO+). Such 
 H2HfO+ species diffuse on the surface of the catalyst and exchange the protons with 

Fig. 1  a Total amount of  H2 generated in 8 h under photo (35 °C), thermal (35, 70, 80, and 90 °C) and 
photothermal (photo + 35 °C, photo + 70 °C, photo + 80 °C, and photo + 90 °C) condition over Pt/TiO2 
in the presence of formic acid (FA; 10 vol%). b Comparison of 8 h  H2 generation over  TiO2 and Pt/TiO2 
under photo (35 °C), thermal (90 °C), and photothermal (photo + 90 °C) reaction conditions. Reprinted 
with permission from [77]
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other molecules of water, forming  H3O+. After that, when  H3O+ reaches the metal 
nanoparticles, electrons go to the LUMO of the molecules adsorbed, and  H2 is pro-
duced (Fig. 2a). On the other hand, the non-plasmonic Pt nanoparticles can use heat 
energy, creating a chemical bond with the adsorbed reactants. Bonding and anti-
bonding orbitals of the adsorbed molecules result from the interaction of the molec-
ular orbital of the adsorbed species and the d electron states of the nanoparticles 
(Fig. 2b). Then, hydrogen can be formed from FA by the d band electrons of Pt that 
are excited upon heating. In the case proposed in that study, irradiation of Pt/TiO2 
causes excitation of the bound electrons of Pt nanoparticles. Such excited electrons 
inject into the LUMO of the reactants adsorbed to form protons. Upon heating, the 
excited electrons on the Pt nanoparticles go to higher energy levels, facilitating the 
activation of the adsorbed reactants and inducing the reaction (Fig. 2c).

In line with the investigations reporting thermal decomposition of FA, in which 
most of the alternatives used are based on Pd-catalysts, Xiong et al. [78] reported the 
photocatalytic decomposition of FA with Pd-TiO2. In that study, the electronic state 
of the active site was modified by depositing foreign atoms on Pd-tetrahedron–TiO2. 
First, Pd loading was optimizing by checking the activity of catalysts with 5, 10, 18, 
and 40 wt% Pd, the sample with 18 wt% being the most active. Characterization of 
the samples indicated that Pd nanocrystals had an average length of 6.3 nm and were 
covered by {111} facets. The photocatalytic activity in liquid phase was evaluated 

Fig. 2  Proposed mechanism of the photothermal catalytic reaction with Pt/TiO2 nanocatalysts. Reprinted 
with permission from [77]
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under various light intensities while collecting the gas generated with a gas burette 
system (Fig. 3).

According to the results, the improvement in activity was ascribed to the increased 
electron density of Pd by the Mott–Schottky effect. Two effects were considered to 
explain the photocatalytic tendencies. On the one hand, plasmonic hot electrons 
generated in Pd particles can inject into the conduction band of  TiO2, which would 
reduce the electron density of Pd. On the other hand, photoexcitation electrons trans-
fer from  TiO2 to Pd, thereby increasing its electron density. The authors claimed that 
photoexcitation of  TiO2 and the increase in electron density on Pd were the main 
contributions at low light intensities, due to the low plasmonic coefficient of Pd. On 
the contrary, for higher light intensities (beyond 4.5 mW cm−2), generation of plas-
monic electrons was promoted, while photoexcitation in  TiO2 was saturated, mak-
ing injection of plasmonic electrons from Pd to  TiO2, and the subsequent decrease 
in electron density of Pd, the predominant process. After that, foreign metals (i.e., 
M = Ag+,  Cu2+,  Au3+ or  Pt4+) were deposited on the surface of Pd tetrahedrons so 
that their surface was partially covered by a layer of PdM alloy. The photocatalytic 

Fig. 3  a Transmission elecetron microscopy (TEM) and b high resoution TEM (HRTEM) images of Pd-
tetrahedron–TiO2 hybrid nanostructures. c Volume of  H2 and  CO2 produced by the decomposition of FA 
catalyzed by Pd-tetrahedron–TiO2 hybrid nanostructures at different light intensities. d Dependence of 
catalytic conversion on light intensity. Conditions: 0.5 m aq. HCOOH solution (5 mL), Pd-tetrahedron–
TiO2 (Pd: 7.74 mg), 90 °C. Reprinted with permission from [78]

199Reprinted from the journal



Topics in Current Chemistry (2019) 377:27

1 3

activity of the resulting samples with a light intensity of 4.5 mW cm−2 was assessed. 
It was observed that the activity in the dehydrogenation of FA was strongly depend-
ent on the foreign metal used. The best performance was achieved with Pd@Ag5%-
tetrahedron–TiO2, with a conversion of 98.7%, while 63.2% and 35.5% of conver-
sion was achieved with Cu- and Au-modified Pd-tetrahedron–TiO2, respectively. 
A sample modified with Pt displayed reduced activity. According to the results of 
DRIFT analysis and the work function of the metals used, this catalytic trend was 
explained mainly in terms of CO interaction strength and poisoning effect.

Ago et  al. [79] also reported on the photocatalytic activity of PdAg–TiO2 cat-
alysts (AgPd@Pd/TiO2). In that case, the desired composition of the metal phase 
was achieved by dealloying the AgPd core. Samples with various compositions (i.e., 
 Ag100−xPdx@Pd/TiO2, with x = 7, 10, 15) were prepared by microwave heating at 
100 °C during 30 min, 1 h, and 2 h, respectively. The best composition of the cata-
lysts was determined to be  Ag93Pd7@Pd/TiO2. Furthermore, the effect of  TiO2 was 
also analyzed by using anatase (A) and P25 (P). The characterization of the catalysts 
indicated that 0.8 nm-thick Pd shells were achieved on the AgPd cores for both  TiO2 
supports, and the composition, sizes, and morphology did not depend on the  TiO2 
used. The photocatalytic activity was monitored by measuring the gas generated 
while irradiating with a Xe lamp and heating at various temperatures (from 27 °C to 
90 °C). The profiles of the gas evolution with and without illumination are plotted in 
Fig. 4. Analysis of the profiles indicated that the initial reaction rate was improved 
by a factor of 1.5–1.6 for AgPd@Pd/TiO2 (A) and AgPd@Pd/TiO2 (P) at 27  °C, 
respectively, while that factor was 1.1–1.2 at 90 °C. Such differences observed with 
the temperature were explained on the basis of the migration of photogenerated 
electrons from  TiO2 to Pd. At low temperatures, the photogenerated electrons trans-
fer from the conduction band of  TiO2 to Pd shell with larger work function (5.1, 4.7, 
and 4.0 eV for Pd, Ag, and  TiO2, respectively). The electron-rich Pd species formed 
upon irradiation were responsible for enhancement of FA decomposition ability. 
However, at higher temperatures, photogenerated electrons have a higher migration 
rate, but, at the same time, electron–hole pairs recombination is also favored, which 
eventually results in a lower number of electrons reaching the surface of Pd. As for 
the  TiO2 support, it was observed that AgPd@Pd/TiO2 (A) displayed better activity 
than AgPd@Pd/TiO2 (P) under both light and dark conditions, which was ascribed 
to the slower electron–hole recombination rate of anatase in comparison to the rutile 
phase present in P25, as well as to its higher specific surface area and strong interac-
tion of anatase phase with AgPd@Pd particles.

Apart from the most commonly investigated PdAg-based catalysts, other com-
positions have been studied for this application. For instance, Xue el al. [80] 
reported selective photocatalytic decomposition of FA over AuPd nanoparticle-dec-
orated  TiO2 nanofibers under simulated sunlight irradiation, which were expected 
to combine the optimum ability of Pd to boost the decomposition of FA with the 
surface plasmon resonance (SPR) of Au, as well as the optimized features of the 
three-dimensional (3D)  TiO2 structure. Samples with various Au/Pd ratios were 
prepared by electrospinning from a solution containing  HAuCl4, Pd(C2H3O2)2, 
tetrabutyl titanate [Ti(OC4H9)4], and poly(vinylpyrrolidone) (PVP).  Pd1/TiO2 and 
 Au1/TiO2 were synthesized as control samples. Among those investigated, sample 
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 Au0.75Pd0.25/TiO2 displayed the highest  H2 production rate. The presence of alloyed 
nanoparticles was confirmed by high resolution transmission electron microscopy 
(TEM), X-ray photoelectron spectroscopy (XPS), and UV–Vis spectra. Samples 
with Au nanoparticles showed an absorption band at 590 nm, corresponding to the 
SPR of Au, while the AuPd-based catalysts displayed a blue-shift to 540 nm with 
lower intensity due to the increase of electron density in Au particles.

The photocatalytic tests were carried out under simulated sunlight irradiation, 
with a light intensity of 100  mW  cm−2. The results of the photocatalytic test are 
depicted in Fig. 5. The hydrogen generation rate was calculated to be 4.0, 19.5, 54.5, 
and 88.5  µmol  h−1, for  TiO2,  Au1/TiO2,  Pd1/TiO2, and  Au0.75Pd0.25/TiO2, respec-
tively. This tendency confirms the ability of Au and Pd to hold the photogenerated 
electrons from  TiO2 and act as an active site for the dehydrogenation reaction. The 
test under visible light irradiation did not show generation of  H2 for the alloy cata-
lysts, which suggested that  TiO2 excitation is mainly responsible for the photocata-
lytic activity of the sample. Furthermore, the cyclability tests showed a high stability 

Fig. 4  a Gas generation by decomposition of FA (0.25 M, 20 mL) vs. time in the presence of a AgPd@
Pd/TiO2 and b AgPd@Pd/TiO2 (P) nanocatalysts at 27–90  °C with and without photoirradiation. 
Reprinted with permission from [79]

201Reprinted from the journal



 Topics in Current Chemistry (2019) 377:27

1 3

 

of the alloy photocatalysts during 9 h of reaction. The higher activity displayed by 
the alloy AuPd-based catalysts was ascribed to the stronger electron-sink effect, 
which reduced the recombination of electron–hole pairs, as confirmed by photoelec-
trochemical tests and photoluminescence measurements. Interestingly, it was dem-
onstrated that the CO-poisoned metal surface could be reactivated by means of light 
excitation of the  TiO2 support upon sunlight irradiation, while such reactivation was 
not effective under visible light irradiation.

Liu et al. [81] also reported an investigation of Au–TiO2 photocatalysts. In that 
study, a more complex visible-light-responsive system formed by Au–La2O3/TiO2 
(ALT) hybrid was prepared by a sol–gel method and using different atmospheres 
(i.e.,  H2/CO2,  H2,  CO2, and  N2; samples denoted as ALT-H2/CO2, ALT-H2, ALT-
CO2, and ALT-N2, respectively). It was observed that the presence of La inhib-
ited the transformation of anatase to rutile phase. Furthermore,  La2O2CO3 was 

Fig. 5a–d  Results of photocatalytic FA decomposition under simulated sunlight irradiation over differ-
ent nanofibers. (a)  TiO2; (b)  Au1/TiO2; (c)  Au0.75Pd0.25/TiO2; (d)  Au0.5Pd0.2/TiO2, (e)  Au0.25Pd0.75/TiO2; 
(f)  Pd1/TiO2 nanofibers. a Photocatalytic  H2 production amount versus irradiation time; b photocatalytic 
CO production amount versus irradiation time; c cycling test of photocatalytic  H2 production over the 
 Au0.75Pd0.25/TiO2 nanofibers; d  H2 production rates and CO production amounts (after 4 h). Reprinted 
with permission from [80]
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formed upon treatment under  H2/CO2 atmosphere, which was claimed to be able 
to decompose to  La2O3. As for the morphology of the samples, it was observed 
that Au nanoparticles were embedded in sample ALT-H2/CO2, that they interacted 
strongly with  TiO2 and  La2O3 phases, and had an average size of 5–6  nm, while 
larger nanoparticles with hemispherical shape were identified in sample ALT-H2. 
The presence of  La2O2CO3 in samples treated under  H2/CO2 atmosphere and its 
dynamic formation and decomposition was found to be responsible for the good 
dispersion of nanoparticles observed in ALT-H2/CO2. However, Au nanoparticles 
were not detected in ALT-CO2 and ALT-N2, possibly due to the absence of reduc-
ing agent in the calcination step. UV–Vis characterization of the catalysts revealed 
that co-doping of La and Au provoked a reduction in the band gap, following the 
order ALT-H2 (2.56 eV) < ALT-H2/CO2 (2.66 eV) < ALT-CO2 (2.77 eV) < ALT-N2 
(2.84 eV), which was ascribed to a synergistic effect between Au and La under the 
different atmospheres used. In addition, photoluminescence analysis demonstrated 
the prolonged lifetime of electron–hole pairs in sample ALT-H2/CO2. As expected, 
after all the results of characterization of the samples, ALT-H2/CO2 displayed the 
best photocatalytic performance among investigated, with a  H2 production rate of 
178.4 μmol g−1

cat h−1, which was much higher than those rates achieved with the cata-
lysts prepared under the other atmospheres under study. A plausible mechanism for 
the decomposition of FA was proposed, which is schematized in Fig. 6. The pho-
ton absorbed by La-doped  TiO2 excite photogenerated electrons to the conduction 
band and generate holes in the valence band. First, electrons are transferred to Au 
nanoparticles promoting the decomposition of HCOOH into  HCOO− and  H+.  H+ 
can then produce  H2 by reduction with an electron, and  HCOO− reacts with a pho-
togenerated hole in  TiO2 forming a free radical  (HCOO−). Subsequently,  HCOO− is 
oxidized by holes and produces  CO2 by releasing a  H+. In the mechanism proposed, 
 La2O2CO3 plays a vital role in promoting the decomposition of FA and the desorp-
tion of  CO2 from the surface of the catalyst.

Fig. 6  Schematic illustration for the reaction mechanism of photocatalytic decomposition over ALT-H2/
CO2 photocatalyst. Reprinted with permission from [81]
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As for noble-metal-free photocatalysts, some nice works can also be found in 
the literature. For instance, Clarizia et al. [82] reported on novel nano-TiO2 pho-
tocatalytic system based on the solar reforming of FA in presence of cupric ions 
and chlorides, in a study in which the effect of the pH values, initial concentration 
of FA, chloride and cupric ion in the  H2 production ability was investigated. The 
 H2 production was suggested to proceed via the following steps:

• Step 1: reduction of cupric ions to cuprous with a simultaneous oxidation of 
formic acid.

• Step 2: photolysis of some chloride complexes of cuprous ions.

Dong et al. [83] investigated the engineering of binary CuO/TiO2 heterojunc-
tion nanofibers prepared from electrospinning and followed calcination treatment. 
It was found that, after irradiation for 30 min during the photodecomposition of 
FA, the binary heteroconjunction (CuO/TiO2) changed to a heteroconjunction 
formed by four components (Cu/Cu2O/CuO/TiO2) originated by a photo-assisted 
recrystallization reaction (Fig. 7), enhancing the separation of electron and hole 
pairs. This aspect is crucial, because the production of  H2 takes place in a two-
steps photoreaction: the generation of  H+ via photocatalytic oxidation of HCOOH 
by the holes in the valence band, and formation of  H2 via photocatalytic reduction 
of  H+ with photoinduced electrons in the conduction band. Then, as the oxida-
tion reaction by the holes occurs before the reduction, the lifetime of the elec-
trons should be longer than that of the holes. In this particular case, HCOOH 
can be oxidized to  H+ by the holes accumulated in the valence band of CuO, 
because of their higher potential (∼ + 2.05 V) than those of the pair  CO2/HCOOH 
(∼ − 0.61 V). However, the position of the conduction band of CuO is below the 
reduction potential of the pair  H+/H2 (∼ + 0.36 V and ∼ − 0.42 V, respectively), 
meaning that the reduction of  H+ to  H2 by the photoinduced electrons is not ther-
modynamically favored. For that reason,  Cu2O and Cu species, which are visible-
light responsive and inexpensive co-catalysts, respectively, are formed from the 
reduction of CuO. As a result, the quaternary multi-heterojunction photocatalysts 
(Cu/Cu2O/CuO/TiO2) displayed 40 times higher production of  H2 from FA than 
their pure  TiO2 nanofibers counterpart.
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3  Photocatalytic Systems Based on CdS

The previous section mentioned some benefits of  TiO2 in photocatalytic reac-
tions, and summarized some examples of  TiO2-based catalysts for FA decompo-
sition. However, their limitation in the visible-light range makes it necessary to 
search for photocatalysts with a wider light responsive range. In this sense, metal 
sulphides have been studied extensively because they exhibit an important visi-
ble-light response although their efficiency is poor. As mentioned before, recom-
bination between electron and hole is related to efficiency. An approach to limit 
such recombination is the use of photocatalysts with a high CB position, which 
present an interesting reduction capability. At this point, CdS (with a band gap 
of ~ 2.5 eV) is an interesting option that has attracted much attention due to its 
wide visible-light range together with its simple synthesis and low cost. Further-
more, it fulfils the thermodynamic aspects of some of the most studied photo-
catalytic reactions [84, 85]. Regarding the photocatalytic decomposition of FA, 
a few studies on CdS-based photocatalysts have also been reported to date. In 
1968, Willner and Goren [86] reported on semiconductor CdS particles for the 
generation of  H2 from the FA decomposition. In this particular case, they used 

Fig. 7  Schematic diagrams for the synthesis route of CuO/TiO2 binary heterojunction nanofibers and the 
photo-assisted self-optimizing of charge-carriers transport channel (CCTC) through a recrystallization 
process during the photocatalytic decomposition of organic hydrogen-carrier molecules. Reprinted with 
permission from [83]
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both formate solution and its deuterated counterpart to evaluate photodecomposi-
tion to produce  H2. The yield of  H2 was higher than 90% for the formate solution, 
while the deuterated solution displayed a lower  H2 evolution rate, indicating that 
the limiting step of the formate oxidation reaction was the generation of holes in 
CdS particles  (h+ + HCO2

− → CO2
− + H+), and that water was the source of  H+ for 

the  H2 formation. Moreover, they realized that the formation of CO2
− (reducing 

agent) after the photodecomposition promoted the presence of Cd metal in the 
system. Nedoluzhko et  al. [87] also reported that  Cd0 was involved in the pho-
toformation of  H2. In that study, a solution of CdS particles (~ 1.5 µm), FA and 
buffer was irradiated under anaerobic conditions. Among evolved gases, the  H2 
profile exhibited an induction time and the rate of  H2 evolution increased rapidly. 
This turning point was related to the generation of  Cd0 from CdS. The formation 
of cadmium (metallic state) was first attributed to the presence of formate; the 
authors proposed that two CO2

− anion radicals, which acted as reducing agents, 
are involved in the reduction process of CdS.

During this process, electrons present in the conduction band reduced water to 
form  H2. However, the authors noted that  H2 gas evolution did not happen at the 
beginning of the photoreaction, and they claimed that one equivalent of CO2

− par-
ticipated to reduce the lattice  Cd2+. Therefore, the proposed mechanism consisted of 
trapping of electrons, followed by a reduction.

According to the standard reduction potential values, it was stated that elec-
trons of the CdS conduction band could not reduce the lattice  Cd2+ to  Cd0. Once a 
determined amount of the lattice  Cd2+ was converted to  Cd0,  H2 gas evolution com-
menced following the suggested pathways.

Although CdS exhibited photocatalytic activity towards FA decomposition, it was 
restricted to CdS in powder form. For instance, Nedoluzhko et al. [87] also observed 
that the formation of  Cd0, which played a pivotal role in the  H2 formation from FA 
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decomposition, depended on a limited amount of  Cd2+. Therefore, different strat-
egies based on CdS have been explored to enhance the photocatalytic activity in 
the FA decomposition. Chen et al. [88] reported that CdS particles were embedded 
on titanate nanotubes (TNTs) using a hydrothermal synthesis. From TEM images, 
confined CdS particles as well as CdS particles suported on the surface of TNTs 
were observed. Moreover, XRD patterns and UV spectra confirmed the presence 
of CdS particles. The photocatalytic activity towards  H2 production was evaluated 
in a 10 vol% FA solution. CdS/TNTs produced 179.4 µmol of  H2 after 3 h while 
TNTs generated only 0.09 µmol. This enhancement could be related to the transfer 
of photogenerated electrons from the valence band to the conduction band. These 
electrons could be transferred to TNTs because both valence band and conduction 
band positions of CdS are higher compared to TNTs. Recently, Liou et al. [89] pub-
lished a composite that consisted of Pt, CdS, and TNTs synthesized by microwave 
hydrothermal method. The  H2 evolution rate for different catalysts were assessed 
in an aqueous FA solution (10 vol%) under visible light. Neither  TiO2 nor TNTs 
catalysts displayed activity towards the FA decomposition. However, the addition 
of CdS into titania structures promoted photocatalytic activity, being more active in 
the case of Cds/TNTs (295.0 µmol h−1) than CdS/TiO2 (118.7 µmol h−1). This effect 
was attributted to a higher active surface area for TNTs compared to  TiO2, which 
boosted the adsorption of FA onto the active sites and reduced recombination of 
the electron–hole pair. After this, Pt was loaded on titania-based photocatalysts in 
order to trap the photogenerated electrons, resulting in photocatalysts that were more 
active towards FA decomposition. To do that, impregnation and photodeposition 
methods were carried out, leading to Pt-CdS/TNT samples prepared by the thermal 
impregnation method with different Pt loadings, which exhibited poorer photocata-
lytic activities compared to that of CdS/TNT photocatalyst. This decline in  H2 pro-
duction was related to agglomeration after thermal impregnation. However, Pt-CdS/
TNT synthesized by photodeposition of Pt displayed a remarkable photocatalytic 
activity for  H2 production (661.1 µmol h−1). The enhancement of  H2 production was 
due to a smaller Pt nanoparticle size and better distribution of nanoparticles onto 
CdS/TNT, resulting in better contact between Pt and TNTs, which improved separa-
tion of the electron–hole pair. Concerning the mechanism, it was suggested that the 
photogenerated electrons were transferred from the valence band to the conduction 
band of CdS, and therefore the concentration of holes increased in the valence band. 
According to the band gap of TNTs, the photoelectrons in CdS jumped quickly into 
TNTs. Moreover, it was indicated that  Ti3+ species present in TNTs (due to the oxy-
gen vacancy) may capture electrons, and that Pt nanoparticles act as active sites 
for  H2 production. Additionally,  Ti4+ species were suggested as hole co-catalysts 
because the photogenerated holes in the CdS surface can be trapped by  Ti4+ species, 
avoiding the CdS photocorrosion.

A different strategy was tackled by Li et al. [90], who reported the use of visible 
light-driven photocatalysts based on a CdS–ZnS composite with heterogeneous struc-
ture. In this system, CdS, with a narrow band gap and high photo-sensitivity, showed 
great reactivity for the production of  H2, while ZnS, with a wider band gap, reduced 
the recombination of electron–hole pairs. The nanoparticles of the CdS–ZnS photo-
catalyst were prepared by a microemulsion technique in a system composed of water/
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Triton X-100/1-butanol/n-hexane, and using Cd(NO3)2, Zn(NO3)2, and  Na2S·xH2O, as 
precursors of Cd, Zn and  S2−, respectively. The heterogeneous solid formed was com-
posed by ZnS deposited on the surface of crystals of CdS. The obtained photocatalysts 
were evaluated in the production of  H2 and it was shown that only 13.7 µmol h−1 of 
 H2 was generated from CdS, while 189.5 µmol h−1 was produced from the CdS–ZnS; 
no  H2 was detected using bare ZnS. The enhancement observed for the heterogene-
ous CdS–ZnS system was claimed to be due to the suppression of electron–hole pairs 
recombination due to the presence of ZnS, which makes electrons available for the 
evolution of  H2. It was proved that, aside from that effect, the addition of ZnS was 
responsible for the good stability against photo-corrosion displayed by CdS–ZnS. 
Moreover, it was observed that the ZnS coating avoided  Cd2+ leaching from the photo-
catalysts, which also helped maintain reactivity of the samples (Fig. 8).

Fig. 8  a Hydrogen production in FA solution (10%) by composite CdS–ZnS, bare CdS and bare ZnS, 
under visible light. b Stability of CdS–ZnS and bare CdS in terms of the hydrogen production rate and 
leaching of  Cd2+ from the catalysts during repeated photocatalytic tests (at least 4 h for each test cycle). 
Reprinted with permission from [90]
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Following heterogeneous systems based on CdS, Xu et  al. [91] reported multi-
core–shell CdS@ZIF-8 structures prepared by a two-step method. In the synthetic 
protocol used in that study, polyvinylpyrrolidone (PVP) was used to stabilize the 
nanoparticles of CdS and ZIF-8 shells with controlled thickness (from 13.6 to 
102 nm) were formed on the surface of CdS. The photocatalytic performance evi-
denced the superiority of the core–shell structure compared to bare CdS nanoparti-
cles. It was observed that core–shell structures showed better selectivity towards the 
production of  H2 via the FA dehydrogenation reaction.

Zhang et  al. [92] reported the preparation of composite aluminium-substituted 
mesoporous silica (Al-HMS) molecular sieves coupled with CdS (CdS/Al-HMS). 
The addition of Ru enhanced the photocatalytic activity as a consequence of the sep-
aration of photogenerated charge-carrier. Among the samples investigated, 0.07Ru/
CdS/Al-HMS exhibited the highest  H2 evolution activity (3.7 mL h−1).

Reisner et  al. [93] investigated a CdS-based photocatalyst that efficiently con-
verted FA into  H2 or CO by boosting the dehydrogenation or dehydration reaction, 
respectively, by means of controlling selectivity of the reaction by using 3-mercap-
topro-pionic acid (MPA) as a capping ligand (QD-MPA). Under visible-light irra-
diation, 52.1 mmol  H2 g−1

cat h−1 was generated with QD-MPA, which was enhanced 
by the addition of Co (QD-MPA/CoCl2; 116 mmol  H2 g−1

cat h−1). However, 218  H2 
g−1

cat  h−1 was achieved upon utilization of the full solar spectrum. Aside from the 
effect of Co species in boosting catalytic performance, the latter study also proved 
that selectivity of FA decomposition towards either  H2 or CO could be modified by 
means of modifying the surface of CdS with ligands, such as  [Me3O]BF4.

Piao et  al. [94] reported on the use of ultrasmall cobalt phosphide nanopar-
ticle (CoP) as efficient cocatalysts for photocatalytic dehydrogenation of FA, in 
a study in which a CdS/CoP@RGO hybrid was evaluated. In order to obtain the 
final catalysts,  Co3O4@SiO2 nanospheres were first prepared using a microemul-
sion method, and subsequently decorated by polyethyleneimine (PEI) and loaded 
on graphene oxide (GO). After that,  SiO2 was removed to obtain  Co3O4 dispersed 
on RGO, and the final CdS/CoP@RGO photocatalyst was prepared by phosphida-
tion and loading CdS nanoparticles by ultrasonic treatment. The performance of 
CoP was assessed by comparison with the counterpart noble-metal based catalysts 
(CdS/Pt@RGO, CdS/Pd@RGO, CdS/Au@RGO, and CdS/Ru@RGO). The time of 
flight (TOF) values were 196, 244, 106, 107, and 63 h−1, for CoP, Pt, Pd, Au, and 
Ru, respectively, which evidenced the promising behavior of CoP as a cocatalyst for 
the photocatalytic dehydrogenation of FA. Following with the non-noble-free pho-
tocatalysts, Khan et al. [95] reported a system based on Ni and Co loaded on CdS 
nanorods (NRs), that were synthetized via controlled thermolysis of cadmium (II) 
bis(dibutylcarbamodithioate) in ethylenediamine. Using this system, and due to the 
redox potentials of Ni and Co in relation to the band positions of CdS NRs, electron 
and holes were shuttled from CdS to Ni and  CoCl2 species, respectively, which led 
to higher stability and photocatalytic performance. Evaluation of catalytic perfor-
mance under visible-light irradiation revealed that  H2 production ability followed 
the order CdS < Co/CdS < Ni/CdS < Co–Ni/CdS.
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4  Photocatalytic Systems Based on  C3N4

Graphitic carbon nitride (g-C3N4)—a polymeric semiconductor—has elicited 
great attention in the context of the search for robust and visible-light-active 
semiconductor photocatalysts. It is formed by ordered tri-s-triazine subunits 
connected through planar tertiary amino groups within layers and weak van der 
Waals force between layers. It shows appealing electronic properties, high phys-
icochemical stability, and easy synthesis from N-containing precursors (i.e. 
urea, cyanamide, dicyandiamide, melamine, etc.). It has a moderate band gap 
(2.4–2.8 eV) that results in an onset visible light absorption of ~ 450 nm [96, 97]. 
Although the history of  C3N4-based polymers started in the nineteenth century by 
the investigation of Berzelius and Liebig [98], its use in heterogeneous catalysis 
started much later, in 2006 [99], and its properties as a metal-free conjugated 
semiconductor photocatalyst for the evolution of  H2 was pioneered by Wang just 
10 years ago [100].

Since then, g-C3N4 has been used widely in numerous photocatalytic applica-
tions, such as water splitting,  CO2 reduction, and degradation of pollutants, etc. 
[101–103]. Recently, g-C3N4 has also received attention as a catalyst for  H2 pro-
duction from hydrogen carrier molecules [20, 44, 50, 104]. g-C3N4-photocata-
lysts used for decomposition of FA contain metal nanoparticles so as to construct 
Mott–Schottky photocatalysts, in which charge separation is enhanced. This was 
the case in the study reported by Chen et al. [105], in which Mott–Schottky type 
Pd-C3N4 photocatalysts, with mesoporous  C3N4 (mpg-C3N4) as support, were 
prepared by wet impregnation; the resulting material was denoted Pd@CN. For 
this, mpg-C3N4 was first synthetized from cyanamide and a Ludox HS40 solution, 
and subsequently impregnated with  PdCl2 to give a final metal loading of 8%. 
Furthermore, reference samples with N-doped layered carbon and carbon black 
(Pd@N-LC and Pd@CB, respectively) were also synthetized. The average nano-
particle size was determined to be 3–5 nm for Pd@CN and Pd@N-LC, and 10 nm 
for Pd@CB. In order to assess the performance of the samples, catalytic and 
photocatalytic tests were monitored. It was observed that, in dark conditions (i.e. 
catalytic test at 15 °C), Pd@CN displayed the highest TOF number among inves-
tigated (49.8 mol  H2  mol−1 Pd h−1), which was attributed to the Mott–Schottky 
effect (i.e. support effect). This effect was confirmed by the decreased intensity 
of the photoluminescence spectra after loading of Pd nanoparticles on mpg-C3N4. 
In addition, the good catalytic activity found was increased further upon visible-
light irradiation (71.0 mol  H2  mol−1 Pd h−1). It was claimed that the enhancement 
observed in the catalytic activity under light irradiation conditions was due to the 
electron enrichment of Pd nanoparticles, which, in turn, was strongly dependent 
on the wavelength of the light used (see Fig. 9).

Yu et  al. also reported on the application of Mott–Schottky heterojunc-
tions [106]. In that case, PdAg nanowires (NWs) with various Pd/Ag composi-
tions  (Pd7Ag3 NWs@g-C3N4,  Pd5Ag5 NWs@g-C3N4,  Pd3Ag7 NWs@g-C3N4, 
and Pd NWs@g-C3N4) were formed in situ on g-C3N4. XPS analysis confirmed 
the electron transfer from Ag and g-C3N4 to Pd of the  Pd5Ag5 NWs@g-C3N4 
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Mott–Schottky heterojunction, creating electron-rich Pd species that are favorable 
for facilitating the O–H cleavage and strengthening the adsorption of formate. 
From its side, the support serves as a proton scavenger for the dissociation of 
O–H, forming protonated g-C3N4, which facilitates the production of  H2 and  CO2 
via β-hydride elimination of Pd-formate. The catalytic activity displayed depend-
ence with the composition of the nanoparticles, with initial TOF of 346, 420, 242, 
and 105  h−1,  Pd7Ag3 NWs@g-C3N4,  Pd5Ag5 NWs@g-C3N4,  Pd3Ag7 NWs@g-
C3N4 and Pd NWs@g-C3N4, respectively. Furthermore, the performance of some 
control samples was also assessed to point out the effect of the Mott–Schottky 
heterojunction. The effect of the visible-light intensity on the photocatalytic 
activity of  Pd5Ag5 NWs@g-C3N4 was also investigated, which showed increasing 
dehydrogenation rate with light intensity.

Stucky et  al. [104] also investigated AgPd nanocatalysts supported on g-C3N4 
(denoted as AgPd/CN). In that case, microsized mesoporous carbon nitride hollow 
spheres were synthetized from a melamine–cyanuric acid network, and subsequently 
impregnated with  K2PdCl4 and  AgNO3. As indicated by the characterization results, 
the resulting nanoparticles had an average size of 7.5 ± 1.0 nm and a Ag/Pd ratio 
of 1/1. Comparison with reference samples prepared from  SiO2 and activated car-
bon demonstrated the vital role of N-functional groups in  C3N4 in achieving highly 
dispersed alloy AgPd nanoparticles. The electron density enrichment of Pd species 
via electron donation from  C3N4 and Ag to Pd was also demonstrated by XPS analy-
sis. It was also claimed that the electron density of Pd could be further increased 
by photoexcited electron transfer from the semiconductor support, which, in turn, 
would suppress recombination of the electron–hole pairs. As a consequence of the 
resulting unique electronic features, AgPd/CN displayed much higher activities than 
its Ag/CN and Pd/CN counterparts, and activity was further enhanced under visible-
light irradiation. H/D isotope experiments were also followed using  D2O to inves-
tigate the contribution of the semiconductor and the direction of the charge carrier 
in components of the photocatalysts. The results of the relative atomic amount and 
atomic ratio of H and D in the gas produced from FA decomposition at 30  °C is 
depicted in Fig. 10.

Fig. 9  Dependence of the 
activity of Pd@CN on the 
irradiation wavelength for the 
photocatalytic decomposition 
of FA. Reaction conditions: 1 m 
aqueous FA solution (10 mL), 
Pd@CN-1% (20 mg), 1 h, 
15 °C. Reprinted with permis-
sion from [105]
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The atomic percentage of D under visible-light was observed to be slightly higher 
than under dark conditions (64.7 and 60.6%, respectively), while it increased to 
87.3% under UV-light, indicating that the photocatalytic activity was wavelength-
dependent. Under UV-light, the energy of the photon is able to excite the elec-
tron–hole pair directly, and water splitting occurs in the different components of 
the catalysts (i.e., photocathode: AgPd for reduction of water; photoanode:  C3N4 for 
the oxidation of FA), so that FA serves as electron donor and  D2O acts as electron 
acceptor. The higher content of D observed in the gas product demonstrated that 
 D2O is the source of D, due to the photoelectrochemistry with half reaction sepa-
rated. However, for very short wavelengths, FA photolysis to CO can take place.

Following Mott–Schottky photocatalysts, Liu et  al. [52] recently reported the 
application of plasmonic AuPd alloy nanoparticles supported on super small carbon 
nitride nanospheres  (AuxPdy/CNS) for  H2 production. The catalysts were designed 
so that Au could capture the irradiation energy, which results in electrons with high 
density on their surface by the localized surface plasmon resonance (LSPR) effect. 

Fig. 10a–d  a, b Kinetic isotope effects for FA decomposition with AgPd/CN-3% catalyst in  D2O at 
30 °C under different conditions. a Relative atomic amount, b atomic ratio of deuterium/hydrogen to the 
total amount of hydrogen and deuterium. The reaction pathway and mechanism for c catalytic route in 
the dark or d photoelectrochemical route in the light with incident energy higher than bandgap of CN. 
Reprinted with permission from [104]
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Such high energy electrons can migrate to Pd active sites and result in enhanced 
photocatalytic performances. For the preparation of catalysts, carbon nitride nano-
spheres were first synthetized from cyanamide using  SiO2 as a template. They were 
subsequently impregnated with  HAuCl4 and  H2PdCl4 at various mole ratios (i.e. 1:0, 
2:1, 1:1, 1:2, and 0:1) to achieve different compositions of the alloy nanoparticles. 
The resulting photocatalysts were denoted as Au/CNS,  Au2Pd1/CNS, AuPd/CNS, 
 Au1Pd2/CNS and Pd/CNS, respectively, according to the composition of the nano-
particles. A sample prepared from bulk  C3N4 (AuPd/Bulk CN) was also prepared as 
a reference material. TEM analysis revealed that the average size of g-C3N4 nano-
spheres and AuPd nanoparticles was 20 and 3 nm, respectively. Once again, the fine 
distribution of AuPd nanoparticles on the nanospheres was attributed to the anchor-
ing effect of the uncondensed amine groups on the surface g-C3N4. XPS analysis 
confirmed the strong interaction and distribution of charge from Au to Pd in the 
AuPd nanoparticles, as well as electron donation from the support to Pd species. As 
for the catalytic results (see Fig. 11), it was observed that, under dark conditions, the 
generation of gas was equal to 86 mL, 137 mL and 171 mL for Pd/CNS, AuPd/Bulk 
CN, and AuPd/CNS, respectively, confirming the beneficial effect of the alloyed 
nanoparticles. All Pd-containing showed improved activity under visible light as 
compared to that under dark conditions, being more marked in sample AuPd/CNS, 
which displayed the highest activity (TOF value of 1017.8 h−1). Such enhancement 
was attributed to the donation of electrons from CNS to the nanoparticles due to the 
Mott–Schottky effect, as well as to the alloying and plasmonic effects that lead to the 

Fig. 11  Time-dependent gas  (H2 and  CO2) evolution curves from FA of all the as-prepared materials a 
in the dark at 25 °C and b under visible light irradiation (λ > 420 nm) at 25 °C. c The TOFs and activity 
ratio of different catalysts in the dark and under visible light irradiation [time of flight (TOF) was cal-
culated from the data within the first 10 min according to the following equation: TOF = mmol gas pro-
duced/(mmolAuPd × h)]. d The TOFs of  AuxPdy/CNS and  Aux + Pdy/CNS under visible light irradiation. 
e The activity contribution rate of alloying effects and plasmonic effects under visible light irradiation. 
f The recycling performance of AuPd/CNS under visible light irradiation (λ > 420 nm). Reprinted with 
permission from [52]
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redistribution of charge under visible-light irradiation. The contribution of alloying 
and plasmonic effects was confirmed by assessing the performance of samples with 
various composition of the alloy nanoparticles  (Au2Pd1/CNS, AuPd/CNS,  Au1Pd2/
CNS, and  Au1Pd2/CNS) and the physically mixed counterpart catalysts  (Au2 + Pd1/
CNS, Au + Pd/CNS, and  Au1 + Pd2/CNS).

Considering that Pd is the active phase, a decrease in activity with increasing 
Au content could be expected. However, the positive alloying and plasmonic effect 
was confirmed by the enhancement achieved by the AuPd-based catalysts. Sam-
ples Au + Pd/CNS and AuPd/CNS,displayed the best performances among physi-
cally mixed and alloy catalysts, respectively. The comparison between Pd/CNS and 
Au + Pd/CNS revealed an increasing rate of 24.8%, which corresponds to the plas-
monic effect. The increasing rate in the case of the alloy catalysts was of 143.2%, 
indicating that the alloy effect is much more important than the plasmonic effect.

Furthermore, the reaction mechanism summarized in Fig. 12 was also proposed 
in that study. In dark conditions, FA is auto-oxidized and reduction to  H2 and  CO2 
takes place on Pd active sites of the alloy system by means of thermal power. Under 
visible-light irradiation conditions, electron–electron collisions and electron distri-
bution between Au and Pd occur due to the alloying and plasmonic effects. Further-
more, the photogenerated electron of CNS transfer to Pd sites, leading to the forma-
tion of electron-rich Pd species. FA is oxidized to form  CO2 and  H+ by the holes on 
CNS, and such  H+ are reduced to  H2 by the electron-rich Pd species.

5  Other Photocatalytic Systems

Aside from the most commonly photocatalytic systems based on  TiO2, CdS, and 
 C3N4, some other nice works aimed at catalyzing photodecomposition of FA have 
also been reported in the recent literature.

For instance, Tabata et  al. [107] investigated the use of silicon-base mate-
rial for the production of  H2 under visible-light irradiation. Pure Si powder and 

Fig. 12  Schematic illustration of photocatalytic hydrogen evolution from FA for AuPd/CNS under a dark 
and b light. Reprinted with permission from [52]
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metal-containing catalysts (Pt, Pd, or Ru) were evaluated. In that case, the catalytic 
ability was shown to follow the order Ru/Si > Pd/Si > Pt/Si > Si.

Moskovits et al. [108] prepared a series of Pd nanostructures to serve as plasmon-
mediated photocatalytic for the decomposition of FA. The investigated nanostruc-
tures were nanocubes (average edge length of 10  nm) and hexagonal nanosheets 
(average edge lengths of 22 nm and thickness of 2.9 nm) with the same surface-to-
volume ratio.

Kakuta and Abe [109] reported the use of  Cu2O and Pt-Cu2O as visible-light-
responsive photocatalysts to boost the decomposition of FA. According to the 
valence and conduction band edge of  Cu2O (+ 0.844 V and − 1.16 V, vs. SHE (pH 
7), respectively), the oxidation of FA (HCOOH + 2h+ → CO2 + 2H+) and the genera-
tion of  H2 was determined as feasible  (2h+ + 2e− → H2). The catalytic test under dark 
conditions did not produce gas, indicating that, using such systems, the decomposi-
tion of FA takes place via photocatalytic processes. Upon irradiation, the production 
of  H2 with both  Cu2O and Pt–Cu2O showed a linear trend with the irradiation time, 
and was larger for Pt–Cu2O. That study claimed to be the first instance of reporting 
the selective and stoichiometric decomposition of FA to  H2 and  CO2 with a visible-
light-responsive photocatalyst.

Wang et  al. [110] recently reported on Pt Single Atoms on Te nanowires (Te 
NWs) for plasmon-enhanced dehydrogenation of FA. Initially, Te NWs were pre-
pared from  Na2TeO3 and were loaded with Pt contents of 1.1, 4.6, and 32.0 wt%, 
resulting in the formation of Pt single atoms, nanoclusters and nanocrystals (aver-
age size of ~ 4  nm), 1.1%Pt/Te, 4.6%Pt/Te, and 32.0%Pt/Te, respectively. Further-
more, a commercial Pt/C sample with an average nanoparticle size of ~ 4 to 5 nm 
was also assessed. The reaction tests revealed that, while the decomposition of FA 
was almost negligible under dark conditions, the performance was greatly enhanced 
under light irradiation, reaching TOF values of TOFs 3070, 1205, 580, and 363 h−1 
for 1.1%Pt/Te, 4.6%Pt/Te, 32.0%Pt/Te, and Pt/C, respectively. In addition, the pho-
tocatalysts were evaluated under various light wavelengths. It was observed that, in 
the case of 1.1%Pt/Te ad 4.6%Pt/Te, the apparent quantum efficiency (AQE) irradi-
ated by light with different wavelength followed the same tendency as the UV–Vis 
spectrum, being such tendency deviated for the sample with the highest Pt content. 
Additional tests were conducted to elucidate the plasmonic electron-driven mecha-
nism and photothermal effect accompanied by plasmonic effect factors. The linear 
dependence of TOF values on light intensity observed for 1.1%Pt/Te confirmed the 
importance of the plasmonic electron-driven mechanism for photocatalysts with low 
Pt content, while photothermal effects gain importance for higher Pt content.

Su et al. [111] reported the visible-light-driven catalytic activity enhancement of 
Pd in AuPd nanoparticles supported on graphene oxide (AuPd/GO). As previously 
mentioned for some other bimetallic AuPd systems, the significant effect of electron 
transfer from Au to Pd was claimed to be crucial for the enhancement achieved by 
the AuPd-system under visible-light irradiation. Wen et al. [112] also reported on 
AuPd-based photocatalysts for the decomposition of FA using a more sophisticated 
photocatalyst formed by plasmonic Au@Pd nanoparticles supported on titanium-
doped zirconium-based amine functionalized metal–organic frameworks (MOFs) 
[UiO-66(Zr100−xTix)]. It was observed that integration of the components of the 

215Reprinted from the journal



 Topics in Current Chemistry (2019) 377:27

1 3

 

catalyst resulted in a highly effective light energy harvesting system able to catalyze 
dehydrogenation of FA under visible-light irradiation without any additive.

As for the case of thermal catalysts used in the FA decomposition [47, 49], the 
beneficial role of N-doped materials in achieved enhanced performances has also 
been indicated for photocatalytic processes. In this context, the photocatalytic activ-
ity of N-doped carbon quantum dots (NCQDs) in the production of  H2 from FA was 
evaluated by Li et al. [113]. In that study, NCQDs of an average diameter of 2.5 nm 
were obtained from shrimp waste by hydrothermal treatment and washing, and their 
photoactivity was evaluated using external sunlight irradiation.

As can be seen from the results summarized above, diverse strategies are being 
considered for the preparation of photocatalytic systems used in the photodecompo-
sition of FA. To allow readers to compare the performances achieved, the results of 
some representative photocatalysts are listed in Table 1.

6  Conclusion and Outlook

The present review highlights the promising role of hydrogen as an energy vector 
able to replace the widely used vectors based on fossil fuels. Furthermore, the suit-
ability of FA as a LOHC is highlighted by summarizing its features and some of the 

Table 1  Comparison of the performance of various photocatalytic systems in the conversion of FA to  H2

Photocatalyst Production of  H2 
(mmol H2 g catalyst−1 
 h−1)

Selectivity to  H2 Light Reference

TiO2 nanofibers 0.80 69.6 AM1.5, 1 sun [80]
Pd–TiO2 nanofibers 10.9 98.2 AM1.5, 1 sun [80]
Au–TiO2 nanofibers 3.9 90.7 AM1.5, 1 sun [80]
AuPd–TiO2 nanofibers 17.7 99.7 AM1.5, 1 sun [80]
Pt–TiO2 1.62 n/a UV [114]
Cu–TiO2 0.83 n/a UV [115]
Rh–N–TiO2 0.75 98 230–440 nm [116]
Bulk CdS 0.08 n/a > 400 nm [86]
Pt–CdS 0.85 83 > 400 nm [117]
CdS nanorods 0.22 n/a > 420 nm [118]
Pt–CdS nanorods 4.46 n/a > 420 nm [118]
Pt–CdS–TNT 4.26 n/a > 420 nm [88]
CdS–TNT + WO3 0.62 n/a > 420 nm [88]
Pt–CdS–QD 1.22 n/a > 420 nm [119]
CdS@Al-HMS 0.13 n/a > 420 nm [120]
Ru–CdS@Al-HMS 0.54 n/a > 420 nm [120]
CdS/ZnS nanoparticles 1.24 n/a > 420 nm [90]
Ru–CdS/ZnS nanoparticles 5.85 n/a > 420 nm [90]
Pd@C3N4 53.4 100 > 400 nm [105]
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most representative studies aiming at reporting on the photocatalytic decomposition 
of FA. In order to consider the most widely investigated photocatalytic systems stud-
ies for the present application, sections on  TiO2, CdS and  C3N4-based photocatalysts 
have been included in this manuscript. These sections cite evidence that, as in the 
case of the thermal decomposition of FA, the addition of metal nanoparticles is vital 
to accelerate the photocatalytic process. In this context, Mott–Schottky photocata-
lysts have shown to be a very promising approach to adjust the surface charge den-
sity of the active metal phase, while decreasing the recombination of electron–holes 
pairs by transferring photogenerated electrons from the semiconductor supports to 
the metal active phase. Such electron-rich metal species are, in turn, more active in 
boosting hydrogen production from FA. This is particularly important for Pd-based 
catalysts. Moreover, it has been observed that the use of alloy nanoparticles further 
promotes the formation of electron-rich Pd species. In addition, the incorporation of 
agents to control the size and shape of nanoparticles are a useful resource to afford 
optimized performances. Particular attention has been paid to those systems con-
taining plasmonic nanoparticles (PdAg and PdAu).

Aside from noble metal-containing photocatalysts, noble-metal-free systems have 
also been studied in this application. For instance, the utilization of heterojunction 
(i.e., CuO/TiO2, CdS/Fe2O3,  MoS2/CdS, etc.) or core–shell structures  (i.e. CdS@
ZIF-8, CdS–ZnS, etc.) has been shown to afford enhanced performances ascribed to 
efficient electron–hole pair separation at the interface. Such systems are also promis-
ing from an economic viewpoint. Furthermore, the importance of some other pho-
tocatalytic systems (i.e., MOFs, GO, NCQDs, etc.) has also been briefly mentioned.

This review highlights the applicability of photocatalysts in hydrogen pro-
duction from LOHC. It is expected to provide the reader with an overview of the 
most representative approaches used so far for this application at a time when the 
research community is encouraged to further explore the exciting and barely investi-
gated photocatalytic decomposition of FA. Although important breakthroughs have 
recently been achieved in the photodecomposition of FA, the materials used to date 
are far from being as sophisticated as those used for some other traditional photo-
catalytic applications. It could be envisaged that such important application will 
soon deserve new efforts towards the design of efficient photocatalytic systems. A 
point to consider in this respect is improvement of the stability of the photocatalysts, 
which has been shown to be lacking until now. Such aspects could be enhanced by 
engineering the optical properties of the materials used, as well as by controlling the 
adsorption of the reaction intermediates, which would eventually block the active 
sites. Furthermore, another point to consider is the development of photocatalysts 
with higher surface area that are able to provide a higher dispersion of the active 
sites. In this line, the combination of the traditionally used photocatalytic materials 
(i.e.  TiO2, CdS, g-C3N4) with a second component with a higher developed porosity 
(i.e., carbon materials, etc.) could be a resourceful alternative to afford highly effi-
cient systems for the photodecomposition of FA.
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Abstract
Heterogeneous photocatalysis (HPC) has been widely investigated in recent decades 
for the removal of a number of contaminants from aqueous matrices, but its applica-
tion in real wastewater treatment at full scale is still scarce. Indeed, process and tech-
nological limitations have made HPC uncompetitive with respect to consolidated 
processes/technologies so far. In this manuscript, these issues are critically discussed 
and reviewed with the aim of providing the reader with a realistic picture of the 
prospective application of HPC in wastewater treatment. Accordingly, consolidated 
and new photocatalysts (among which the visible active ones are attracting increas-
ing interest among the scientific community), along with preparation methods, are 
reviewed to understand whether, with increased process efficiency, these methods 
can be realistically and competitively developed at industrial scale. Precipitation 
is considered as an attractive method for photocatalyst preparation at the industrial 
scale; sol–gel and ultrasound may be feasible only if no expensive metal precursor is 
used, while hydrothermal and solution combustion synthesis are expected to be dif-
ficult (expensive) to scale up. The application of HPC in urban and industrial waste-
water treatment and possible energy recovery by hydrogen production are discussed 
in terms of current limitations and future prospects. Despite the fact that HPC has 
been studied for the removal of pollutants in aqueous matrices for two decades, its 
use in wastewater treatment is still at a “technological research” stage. In order to 
accelerate the adoption of HPC at full scale, it is advisable to focus on investiga-
tions under real conditions and on developing/improving pilot-scale reactors to bet-
ter investigate scale-up conditions and the potential to successfully address specific 
challenges in wastewater treatment through HPC. In realistic terms, the prospective 
use of HPC is more likely as a tertiary treatment of wastewater, particularly if more 
stringent regulations come into force, than as pretreatment for industrial wastewater 
to improve biodegradability.
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1 Introduction

New challenges in wastewater treatment [e.g., the removal of contaminants of 
emerging concern (CECs) from municipal wastewater treatment plant effluents], 
the increasing interest/demand for sustainable wastewater treatment methods, and a 
circular economic approach (e.g., energy saving and recovery, mass recovery from 
waste, and water reuse) are leading to the investigation and development of increas-
ingly effective wastewater treatment processes and technologies. The main problem 
is related to the presence of non-biodegradable substances (organic and inorganic) 
including metals, pharmaceutical compounds, and personal care products, which 
persist in water and in the environment, causing serious damage to the ecosystem 
and to human health. For this reason, the study of advanced oxidation processes 
(AOPs) has increased significantly in recent years. AOPs are characterized by the 
presence of highly reactive species able to remove and mineralize refractory organic 
compounds, water pathogens, and disinfection by-products [1]. Among these pro-
cesses, heterogeneous photocatalysis (HPC) has been proven to be effective in the 
degradation of a wide range of refractory organic compounds. However, its applica-
tion in water and wastewater treatment at full scale is far from being successfully 
implemented due to the complexity of the various real aqueous matrices as well as 
limitations in the process (e.g., low photoconversion efficiency) and technological 
limitations (i.e., catalyst preparation method, slurry vs. supported system, reactor 
design, energy consumption, etc.). In an effort to improve process efficiency while 
minimizing energy cost, the new trend in HPC research deals with the formulation 
of semiconductors active in the presence of visible light. In this review these issues 
were addressed with regard to the application of HPC in urban and industrial waste-
water treatment as well as energy recovery through hydrogen production during 
treatment, by explaining and critically discussing possible advantages and disadvan-
tages of the process. The scope was to provide the reader with some information and 
tools to understand the current knowledge gaps as well as to evaluate prospective 
applications of HPC in the treatment of wastewater.

2  Heterogeneous Photocatalysis: An Overview of Consolidated 
and New Photocatalysts as well as Preparation Methods

Heterogeneous photocatalysis relies on the interaction between a light source and 
a solid semiconductor in an aqueous matrix. Depending on the emission spectrum 
of the light source and the characteristics of the semiconductor (photocatalyst), 
electrons are promoted from the valence band to the conduction band of the photo-
catalyst, thus initiating a surface reaction will ultimately result in the formation of 
highly oxidizing agents, such as hydroxyl radicals (·OH). The efficiency of the HPC 
process in water/wastewater treatment will depend on the capacity of the system to 
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effectively produce such radicals, which can degrade/oxidize a wide range of con-
taminants as well as effectively inactivate microorganisms.

The development of photocatalysts should take into account the typical charac-
teristics and requirements for photocatalytic materials. In particular, a photocata-
lyst must be photoactive, inert, stable, non-toxic, and relatively cheap [2]. One of 
the most studied photocatalyst for water/wastewater treatment is titanium diox-
ide  (TiO2).  TiO2 has been widely investigated because of its very high ultraviolet 
absorption and high stability. These properties made this photocatalyst ideal for dif-
ferent applications, such as electroceramics, glass, and photocatalytic degradation of 
chemicals in water and air. It has been investigated in powdered form suspended in 
aqueous matrices (slurry reactor) or as thin film.  TiO2 presents three different crys-
talline forms: anatase, rutile (more stable), and brookite (uncommon and unstable). 
Degussa P25 titania  is commercially available and consists of 25% rutile and 75% 
anatase crystalline phases [3]. P25 is used as a benchmark in water and wastewater 
treatment by  TiO2 photocatalysis due to its easy availability, reproducibility, chemi-
cal stability, and high photoactivity [4–8]. Beyond  TiO2, another interesting pho-
tocatalyst with properties similar to titania is ZnO. This photocatalyst has recently 
attracted increasing attention from the scientific community for its characteristics 
that include strong oxidation ability, good photocatalytic properties large free-exci-
ton binding energy, and low cost (cheaper than  TiO2) [9]. Another category of semi-
conductors that has found success in photocatalytic applications for water treatment 
is represented by perovskites, in particular  LaFeO3 [10, 11].  LaFeO3 is one of the 
most common perovskite-type oxides, and it is a promising material with different 
functionalities, having a general formula ABO3, where position A is the rare earth 
ion and position B is represented by metal ion. This material is characterized by high 
stability, non-toxicity, and small bandgap energy (2.07 eV), making perovskite an 
interesting visible-light-active photocatalyst [12].

2.1  Methods for Improving Photocatalyst Activity

The application of photocatalysts such as  TiO2 and ZnO is limited by the fact that 
ultraviolet (UV) activation is needed (the bandgap energy is about 3.2 eV, and this 
means that less than 5% of the solar spectrum has sufficient energy to activate the 
photocatalyst) and by the fast recombination rate of the electron–hole pairs gener-
ated [13]. Hence, modification of photocatalysts through metal or non-metal dop-
ing or their combination with another semiconductor are common methods used to 
improve the photocatalytic performance and for activation by visible light irradia-
tion. The particle size and morphology of nanoscale photocatalysts is also a problem 
in full-scale application for water and wastewater treatment, because the particles 
should be removed/recovered after treatment. To overcome this drawback, the appli-
cation of photocatalytic membranes or the use of other photocatalyst-supporting 
materials has been proposed [14–16]. For example, photocatalysts have been sup-
ported on activated carbon [14], fibers, [17, 18] membranes, [19, 20] metal [5], 
and plastics [21]. In this section, the main methods for the synthesis of modified 
photocatalysts used in wastewater treatment are introduced, along with the methods 
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developed for supporting photocatalysts on suitable materials in order to make them 
usable on a large scale.

A number of methods can be used to extend the light absorption properties of tra-
ditional semiconductors (e.g., ZnO or  TiO2) into the visible range, including:

– Coupling a primary photocatalyst with different semiconductors with a smaller 
bandgap or through sensitization with dyes.

– Doping the photocatalyst with metals (second-generation photocatalysts).
– Doping the photocatalyst with non-metals (third-generation photocatalysts).

2.1.1  Coupling a Primary Photocatalyst with Smaller‑Bandgap Semiconductor or Its 
Sensitization with Dye

As a semiconductor (e.g.,  TiO2 or ZnO) with a wide bandgap is coupled with other 
semiconductors having a lower bandgap or is sensitized with specific types of dyes, 
the absorption properties of the obtained composite are extended into the visible 
region. This phenomenon is induced either by the light absorption characteristics 
of the dye or by the other semiconductor coupled with  TiO2 or ZnO. When a semi-
conductor is sensitized with a dye, the visible light is absorbed by the dye molecules 
bridged to the semiconductor surface, and the electrons pass from the dye’s ground 
state to an excited state. These excited electrons are then transferred to the conduc-
tion band of ZnO or  TiO2, which results in a modified photocatalyst with improved 
photoactivity under visible light. Dyes that have been used for this purpose include 
ruthenium polypyridyl complexes [22] and different metal-free organic dye mole-
cules such as hemicyanine [23] and indoline [24]. However, it is worth noting that 
the low stability of the dye used for the sensitization of semiconductors in water/
wastewater is the main drawback of this method.

With regard to the coupling of two semiconductors, the aim is to form a hetero-
junction structure between  TiO2 or ZnO and a narrow-bandgap semiconductor such 
as CdS,  MoS2, or  In2S3 [25]. The electrons excited by visible light are transferred to 
 TiO2 or ZnO from the narrow-bandgap semiconductor, thus promoting charge car-
rier separation and, consequently, improving the visible-light photocatalytic activity 
of the composite [25]. In order to improve ZnO (bandgap of 3.2 eV) activity under 
visible light, photocatalysts have also been coupled with  LaFeO3. This composite 
was prepared by a process known as solution combustion synthesis, using citric acid 
as the organic fuel and metal nitrates, thus drastically affecting the bandgap energy, 
which decreased from 3.2 to 1.94  eV [26]. However, although this method might 
represent a suitable approach for preparing photocatalysts that work effectively 
under visible light, the coupling between semiconductors can suffer from the photo-
corrosion phenomenon, negatively affecting the photocatalytic activity [27–29].

2.1.2  Photocatalyst Doping with Metals

In order to improve the photocatalytic efficiency of primary photocatalysts under 
visible light,  TiO2 and ZnO were also doped with metals (second-generation visi-
ble-light-active photocatalysts), by inserting a metal ion in the crystalline structure 
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of the semiconductor. Generally, doping with metal ions is able to generate further 
energy levels between the valence band and conduction band of the undoped semi-
conductor, shifting the absorption properties in the visible region due to the decrease 
in bandgap energy of  TiO2 or ZnO. Several metals have been investigated in the syn-
thesis of second-generation visible active photocatalysts, such as Mn, Fe, Co, Ni, Cu 
for ZnO [5, 30, 31] or Mo, Cr, La, Er, Ce for  TiO2 [32]. The main drawback of this 
type of doping is that metal ions could act as recombination centers of electron–hole 
pairs, reducing the photocatalytic activity [33, 34].

2.1.3  Photocatalyst Doping with Non‑Metals

With together the second-generation visible active photocatalysts are of concern, 
ZnO or  TiO2 doped with non-metals element (third-generation visible active pho-
tocatalysts) have been widely investigated. The doping with non-metals can signifi-
cantly extend the visible light absorption of the doped-photocatalysts and minimize 
photogenerated charge recombination [35]. Doping process with non-metals (mainly 
anion of C, N, F, P or S) aims to replace oxygen atoms with these elements in the 
semiconductor lattice. The high activity under visible light irradiation of the third-
generation visible active photocatalysts is due to the decrease of their bandgap by 
mixing p orbital of the anions with 2p orbital of oxygen [32, 36]. Moreover, the 
inclusion of these elements in the semiconductor crystalline structure causes the for-
mation of some defects that delay the recombination of the photo-excited species 
[37, 38].

2.2  Photocatalyst Preparation Methods

One of the main limitations of the application of photocatalytic processes to waste-
water treatment at full scale is related to the preparation of the photocatalysts, which 
significantly affects the cost of the process, particularly compared with homogenous 
photo-driven AOPs [103, 150]. Unlike HPC technology, which is expensive to pro-
duce in terms of photocatalyst preparation and reactor design, UV/H2O2 is easy to 
implement, and  H2O2 is widely available commercially. In order to provide a con-
tribution to fill this gap, the easiest and possibly most cost-effective preparation 
methods for the synthesis of pure or doped semiconductors are summarized and dis-
cussed in the following subsections. A comparison summarizing the main advan-
tages, disadvantages, and prospective applications at large industrial scale is also 
proposed.

2.2.1  Sol–Gel Method

Sol–gel is the most commonly used method for the preparation of photocatalysts. A 
sol is made by solid particles homogeneously dispersed in a liquid medium in colloi-
dal form, whereas a gel is an organized three-dimensional continuous solid arrange-
ment having sub-micrometer-sized pores in which the liquid phase is present. Dur-
ing sol–gel synthesis, the sol is produced from the hydrolysis and polymerization 
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reactions of the precursors (usually metal alkoxides). Briefly, the sol–gel method 
involves four basic steps: hydrolysis, polycondensation, drying, and thermal decom-
position of precursors. A schematic of the sol–gel process for the preparation of 
 TiO2-based photocatalysts is showed in Fig. 1 [32].

Typically, a solution containing a precursor salt of the doping element (metal or 
non-metal) is added as the sol is formed. In this way, strong covalent bonds are cre-
ated between the dopant element and the very reactive monomeric species of the 
precursor of the semiconductor (e.g.,  TiO2 or ZnO). Several photocatalysts active 
under visible light have been prepared by the sol–gel process, including  TiO2 doped 
with nitrogen, boron [39], cerium [40], fluorine [41], iron, zinc [42], molybdenum, 
and chromium [43]. In addition, ZnO has been doped with different metals and non-
metals (e.g., nitrogen, aluminum, silver, copper, cobalt) [44–48].

A Sol–gel method was also recently used for doping  ZrO2, a metal oxide with a 
very large bandgap (about 5 eV), an energy corresponding to a negligible fraction 
of the solar light at the earth’s surface [49]. In this case, sol–gel synthesis was car-
ried out using Ce isopropoxide and Zr propoxide solutions. Sol–gel synthesis has 
also been coupled with a dip-coating procedure to immobilize visible active photo-
catalysts on macroscopic and transparent supports in order to formulate structured 
photocatalysts for use in water/wastewater treatment applications. For example, an 
N-doped photocatalyst was immobilized on glass spheres and tested for the removal 
of organic dyes from wastewater under visible light irradiation [50]. In the prepara-
tion procedure, triton X-100 (used as binder) was dissolved in isopropyl alcohol, 
and the pH of the solution was adjusted with nitric acid to about pH 2. Titanium 
isopropoxide, used as titanium precursor, was then added to the mixture [50]. The 
N-doped  TiO2 coating was achieved by leaving the glass spheres in the solution for 
10 min, with subsequent calcination for 30 min at 450 °C. This method was able to 
obtain N-doped  TiO2 nanoparticles which were well dispersed on a glass substrate.

2.2.2  Hydrothermal Synthesis

Hydrothermal synthesis requires the use of high temperature and water pressure. 
When another solvent is used instead of water, this method is known as “solvother-
mal” [51]. The synthesis of photocatalysts with this method is typically carried out 
in steel vessels operating at high pressure (autoclaves) under controlled temperature, 
and the formation of nano-catalysts takes place in the liquid medium [52].

Fig. 1  Preparation of  TiO2-based photocatalysts by sol–gel method [32]
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This method has been found to be very effective for incorporating dopants into 
the crystalline structure of  TiO2 or ZnO. Because of the high photocatalytic activ-
ity achieved by the controlled synthesis of hollow  TiO2 particles, it has attracted 
much interest among the scientific community [53]. For example, Zhou et al. pre-
pared flower-like F-doped  TiO2 hollow microspheres using a hydrothermal synthesis 
method by controlling the hydrolysis of  TiF4 in a autoclave lined with Teflon at a 
reaction temperature of 180 °C [54].

2.2.3  Precipitation Method

The preparation of photocatalysts through the precipitation method consists of the 
chemical transformation of a highly soluble metal precursor into another substance 
of lower solubility, which precipitates in solution. The conversion into the low-sol-
ubility compound (and then into the precipitate) is usually obtained by changing 
(generally by increasing) the pH of the solution [55]. To avoid a rapid precipitation 
in solution (that can cause a strong increase in particle size), it is better if the mix-
ing and the generation of the precipitant are carried out separately. At the labora-
tory scale, this is possible through the use of a base. The precipitation method using 
a base has been applied for the preparation of various catalysts. Upon increasing 
the pH of the solution, the precipitation of a hydroxide is induced. The semicon-
ductor typically prepared through this method is ZnO. In particular, the prepara-
tion involves the reaction of zinc salts such as Zn(NO3)2, Zn(CH3COO)2, or  ZnSO4 
with solutions containing  NH4OH, NaOH, etc. [56, 57]. For the doping of ZnO with 
metals in order to shift its absorption to the visible region, the precursor salt of the 
doping element can be added to the solution of the zinc precursor before inducing 
precipitation [9, 58, 59]. The obtained precipitate is then transformed into the ZnO-
doped photocatalyst through thermal treatment.

2.2.4  Solution Combustion Synthesis

Solution combustion synthesis (SCS) is a well-known synthesis method used for 
the preparation of inorganic compounds for many catalytic, photocatalytic, and 
electrocatalytic applications. The method is based on the redox reactions that take 
place between a fuel and an oxidant in the presence of metal cations. Oxidants are 
metal precursors such as metal nitrates, while fuel is an organic material such as 
glycine, urea or citric acid. The final products of this synthesis are characterized by 
high purity, narrow particle distribution, and good agglomeration [60, 61]. Another 
advantage is the possibility of using different precursors, both soluble and insoluble. 
Solution combustion synthesis is characterized by three main steps: (1) the forma-
tion of the combustion mixture, (2) the formation of the gel, and (3) the gel com-
bustion [62]. A schematic description of these three steps is shown in Fig. 2 [62]. 
The metal precursors are mixed in water solution with an organic fuel. The product 
obtained at the end of the combustion process is a soft powder, typical of combus-
tion synthesis processes whose characteristics depend on the parameters chosen for 
the synthesis, such as the type of fuel.
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The SCS process is very fast. Fast kinetics inhibits the sintering of the particles 
and guarantees a certain degree of porosity in the powder obtained. The micro-
structure of the material can change in relation to the type and quantity of fuel. It 
was also observed that the interaction of citric acid (fuel) with metal cations occurs 
through formation of metal chelates forming a gel network, where metal cations are 
uniformly distributed [63].

One of the most well-studied and commonly used perovskites for wastewater 
and water treatment purposes is  LaFeO3 [64, 65]. The characteristics of  LaFeO3 
photocatalysts prepared with SCS using different amounts of citric acid have been 
reported in the literature [11]. The results in terms of X-ray diffraction (XRD) pat-
terns showed well-indexed diffraction peaks, clearly indicating the formation of an 
orthorhombic perovskite-type structure. Moreover, it was possible to observe from 
the XRD that the crystallite size of perovskite decreased as the amount of citric acid 
used in the synthesis was increased. On the other hand, different amounts of citric 
acid caused changes in the crystalline structure of perovskites [11]. When  LaFeO3 
was prepared with the highest amount of citric acid (2.15 g in 100 mL of distilled 
water), a partially amorphous structure with respect to the  LaFeO3 synthesized 
using the lowest fuel content was observed. It is worth noting that the SCS method 
was also applied for the preparation of an  LaFeO3 layer on corundum or cordierite 
honeycomb monoliths and studied as a structured catalytic system for the photo-
Fenton oxidation of organic pollutants in aqueous solution [66, 67]. The thin walls 
of the monolithic supports (triangular channel) were treated with aqueous solutions 
of iron and lanthanum nitrate in the presence of citric acid and ethylene glycol. The 
samples were dried and calcined in air at 900 °C for 4 h to form a grainy porous 
 LaFeO3-supported layer [68].

2.2.5  Ultrasound (or Sonochemical)‑Assisted Synthesis

Sonochemical synthesis is a method that uses the principles of sonochemistry for 
the synthesis of new molecules or particles by the application of ultrasound. The 

Fig. 2  Schematic representation of the three main steps of solution combustion synthesis (SCS) (Adapted 
from [62])
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chemical effects of ultrasound derive from acoustic cavitation. The collapse of 
the bubbles in the liquid generates a huge amount of energy from the conversion 
of the kinetic energy of the liquid motion into heating. The high local tempera-
ture and pressure, combined with extraordinarily rapid cooling, provide a unique 
means of driving chemical reactions under extreme conditions [69]. The implosion 
of the bubbles creates extreme conditions that enable synthesis to be conducted on 
the benchtop in liquid at room temperature that in other cases would have required 
high temperature and pressure or long reaction times [70]. During the preparation of 
nanomaterials with ultrasonic irradiation, the phenomena responsible for sonochem-
istry can be characterized under “primary sonochemistry”, “secondary sonochemis-
try”, and “physical modifications” [71]. Xu et al. reported “primary sonochemistry” 
as the reaction occurring inside the collapsing bubbles and “secondary sonochemis-
try” as the reaction in solution phase occurring outside the bubbles. These phenom-
ena are responsible for the chemical effect of ultrasound and occur only if the reac-
tion is sonication-sensitive or when the energy released during cavitation collapse 
participates as reaction intermediate [70]. In particular, sonolysis of water produces 
highly reactive  H· and  OH· radicals, which can be utilized for various sonochemical 
reactions. These generated free radicals can further react with each other to form 
new molecules and radicals or diffuse into the bulk liquid to serve as oxidants. The 
reaction that produces free radicals can occur within the collapsing bubble (thermo-
lytic center), at the interface between the bubble and bulk liquid, or in the adjacent 
liquid. Several studies have reported that the predominant effect in heterogeneous 
sonochemical reactions used for the production or modification of semiconductors  
is the physical one [72]. In particular, it is the impact of jets of liquid at high speed 
on the particle surface that can cause erosion and corrosion phenomena, by modify-
ing the particle surfaces. In this way, surface nanostructures or disaggregated parti-
cles can be generated [71].

The mechanisms governing ultrasound applications can be summarized as fol-
lows [73].

• Homogeneous reactions that proceed via radical mechanisms are affected by 
sonication, while ionic reactions are not affected by ultrasound.

• Heterogeneous reactions involving ionic species are influenced mainly by the 
physical effects of cavitation (e.g., by the reduction in particle size). In this type 
of reaction, the chemical effects are not dominant, so it is important to select the 
appropriate operating parameters.

• Heterogeneous reactions involving radicals or combined mechanisms (ionic and 
radical) are significantly influenced by the ultrasound effect. The radical reac-
tions are intensified by the presence of ultrasound, but the physical effects also 
greatly affect the mass transfer rate, improving its efficiency.

As regards the ultrasonic application for photocatalyst synthesis, the preparation 
of anatase and rutile  TiO2 was reported by Huang et al. [74]. The authors compared 
the sol–gel method with the sonochemistry procedure, highlighting that the ultra-
sound process resulted in a perfectly crystalline  TiO2 structure. The procedure used 
to obtain the titania photocatalyst typically involves the treatment of the precursor 
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deionized water solution by ultrasound. During the process, the precipitates are 
separated by centrifugation, then washed and vacuum-dried overnight until the final 
product is obtained. In addition, the application of high-intensity ultrasound irra-
diation allows a mesoporous  TiO2 to be obtained without the addition of surfactant 
compounds [75]. According to the scientific literature, this method has the capacity 
to (1) increase crystal growth rate, (2) decrease induction periods and metastable 
zone width, (3) improve particle size distribution and morphology, and (4) achieve 
higher control of the nucleation process [76]. Moreover, the synthesis of photocata-
lysts by ultrasound is considered a “green technology”, as it is a fast, clean, and 
efficient option that enables the formation of reaction conditions at ambient temper-
atures in cases that would otherwise require high temperature and pressure to yield 
the same results. An additional benefit is that it is an extremely versatile synthetic 
procedure that cab be used for the development of various photocatalysts. The mate-
rials synthesized by this method show clear improvements in terms of photocatalytic 
performance over photocatalysts synthesized using traditional methods.

2.2.6  Comparison of Photocatalyst Preparation Methods

Table  1 summarizes the main advantages, disadvantages, and feasibility of large-
scale application of the photocatalyst preparation methods discussed in the previous 
paragraphs.

Although all of the methods described can generate effective photocatalysts, from 
a large-scale application point of view, it appears that SCS and hydrothermal syn-
thesis are less strongly recommended methods, as they require high thermal energy 
and high pressure [83]. On the other hand, sol–gel and precipitation methods may be 
feasible at a large scale if no expensive metal precursors are required.

3  Wastewater Treatment by HPC: Great Potential but Some 
Limitations and Drawbacks

The efficiency of photocatalytic processes in water and wastewater treatment can 
be negatively affected by different factors, including low photoconversion effi-
ciency and the occurrence of reactive oxygen species (ROS)-scavenging substances 
in the target water/wastewater matrix. Moreover, technological limitations such as 
the selection of a more suitable photocatalyst and preparation method or the choice 
between slurry (need to recovery the powder photocatalyst after treatment) and sup-
ported photocatalyst systems have thus far discouraged the application of heteroge-
neous photocatalysis for water and wastewater treatment at full scale.

3.1  Photoconversion Efficiency

Low photoconversion efficiency is a major limiting factor in the application of 
photocatalytic processes, even when compared with other AOPs. Quantum yield 
can vary widely depending on the photocatalyst, experimental conditions, and 
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wastewater matrix [86]. Taking UV/H2O2 AOPs as an example, the photolytic 
decomposition of  H2O2 is characterized by a quite high Φ and ·OH production 
yield [87], making HPC not so competitive in terms of energy efficiency. How-
ever, it is worth noting that  TiO2 can also be effective under sunlight, and more 
effective than sunlight/H2O2 [88].

3.2  Interfering Substances

A wastewater matrix can significantly affect HPC efficiency due to the presence 
of natural organic matter (NOM), carbonate species, and other background con-
stituents that can scavenge ROS and absorb light [89, 90]. Indeed, HPC is sus-
ceptible to the differences in the light absorption factors of the wastewater. The 
UVA or solar radiation supplied to the reactor needs to travel through a column 
of water (path length). The presence of total suspended solids (TSS) and numer-
ous soluble substances in the wastewater results in a loss of transmittance, via 
absorption but also scattering and reflection. This results in energy loss from light 
that does not reach the photocatalyst’s surface. At wavelengths relevant for UVA 
photocatalysis (365 nm), there is considerable absorption (Fig. 3).

The path length that the electromagnetic radiation has to travel is also crucial. 
According to Beer–Lambert’s law (Eq.  1), a directly proportional relationship 
between path length and absorption exists, and doubling of the path length results 
in doubling of the absorption (logarithmic units). The molar absorption coeffi-
cient (ε) is a constant specific for each chemical compound and the wavelength at 
which it is measured, while l is the path length and c is the concentration of the 
compound in question. In wastewater, the measured absorbance is the summed 
absorbance of all compounds in the wastewater

Fig. 3  UV–Vis absorption spectrum of secondary treated wastewater. Under CC 4.0 from supplementary 
information of [5]

237Reprinted from the journal



 Topics in Current Chemistry (2020) 378:7

1 3

 

This limits reactor design, especially for reactors with immobilized photocatalysts 
versus suspended (slurry) photocatalysts, since in the former light is absorbed only 
after passing through the entire path length, not throughout, as would happen in a sus-
pended photocatalyst reactor.

3.3  Suspended Versus Immobilized HPC

HPC for wastewater treatment in a lab setting is commonly studied as a suspended 
powder. Maintaining a powder in suspension in a large body of water is very energy-
intensive. It is also important that the water is somewhat aerated, since an external 
source of dissolved oxygen enhances the generation of ROS via electron–hole pairs. 
Anoxic conditions [i.e., lack of  O2(aq.)] prevent the generation of both hydroxyl radi-
cals and superoxide radicals, as the electron promoted to the conduction band does not 
transfer to dissolved oxygen to form superoxide but recombines with the hole [91]. Pre-
cipitation of the suspended photocatalyst to the bottom of the tank would be extremely 
detrimental to the efficiency of the process, since light adsorption would be at a mini-
mum and contact between targeted compounds/bacteria and the catalyst low. Thus, the 
cost of circulating the wastewater during treatment in a suspended reactor is essential 
and should be accounted for. Using the photocatalyst in powder form adds a further 
processing step to remove the catalyst and recover it for reuse. This can be by gravity 
precipitation, induced agglomeration and precipitation or filtration, all of which further 
increase operating costs. In an effort to circumvent these costs, catalyst immobilization 
has been proposed [5, 92–94]. Immobilization of a photocatalyst is the coating of the 
macrostructure with a layer of photocatalyst that is exposed to the water and that can 
receive UVA/visible light. Numerous materials (glass, alumina, silica, metal, fibers) 
have been successfully coated with a photocatalyst [95]. This serves the dual purpose 
of reducing the energy expenditure for keeping a powder in suspension and eliminat-
ing the catalyst recovery step. Utilizing immobilized photocatalysts does have its draw-
backs. Reactor design in intrinsically more complex and ultimately is a compromise 
between maximizing the illuminated catalyst-coated surface area and reactor volume 
while minimizing the path length of wastewater above the coated surface from the 
light source. The processes used to immobilize a photocatalysts can also be complex 
or costly. Despite the limitations, pilot-scale reactors with immobilized catalysts are 
reported in the literature and have been successfully employed for both CEC removal 
and bacterial inactivation [96, 97].

(1)A
�
= log

I0

I
= � ⋅ l ⋅ c
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4  Application of Heterogeneous Photocatalysis to Wastewater 
Treatment

4.1  Tertiary Treatment of Urban Wastewater

The three conventional stages of urban wastewater treatment consist of a primary 
stage of physical separation by sedimentation of solids and skimming off of float-
ing contaminants, a secondary stage for reducing biodegradable organic load by 
bacterial growth, and a tertiary stage of nutrient removal (typically achieved by 
biological processes) and/or disinfection and/or removal of micropollutants such 
as CECs (including pharmaceuticals, pesticides, personal care products, and any 
other pollutant that is found in micrograms-per-liter or lower quantities in waste-
water). The tertiary stage is not considered essential, and only a few countries 
have regulation that require the use of tertiary treatment to remove one or more 
of the contaminants explained above. When tertiary treatment is used, the main 
factors driving the choice of treatment are the efficiency in removing the target 
contaminants set by the local/national regulation and the cost. The tertiary treat-
ment applied depends on the target parameter(s) that need to be brought within 
regulatory limits. If such a target is the reduction of bacterial load, then chlorina-
tion, peracetic acid, or UVC disinfection is commonly employed [98–100]. On 
the other hand, if CECs should be removed, disinfection processes are no longer 
effective, and advanced treatment methods are necessary [101]. Indeed, in Swit-
zerland, according to the new national water act (Swiss Federal Council Waters 
Protection Ordinance) [102], 70% of the urban wastewater treatment plants 
(UWTPs) must be upgraded with ozonation or adsorption treatment methods to 
remove 14 selected CECs by 80% of inflow levels. In such a context, homogene-
ous photo-driven AOPs may be competitive with consolidated technologies in the 
short term, and HPC may be feasible if some limitations/drawbacks are success-
fully addressed [103].

4.1.1  HPC for Micropollutant Removal and Bacterial Inactivation

HPC has been intensively studied as a potential technology for the mineraliza-
tion of organic contaminants and the inactivation of bacteria in the effluents of 
secondary treated urban wastewater. While full mineralization is not considered 
feasible for urban wastewater, a wide variety of catalysts have been employed for 
pollutant degradation and disinfection. These include dyes, [104, 105] endocrine 
disruptors [106], pharmaceuticals [107] including specifically antibiotics [108, 
109], and agricultural chemicals [110, 111], and for bacterial inactivation [112, 
113. The most imposing obstacle hindering widespread use of heterogeneous 
photocatalysis as a tertiary treatment in UWTPs is the high cost associated with 
photocatalysis, which can be more than an order of magnitude greater than estab-
lished AOPs [103]. Nevertheless, HPC could find application in the treatment of 
wastewater intended for reuse, which has stricter water quality requirements than 
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current requirements. The need to achieve higher requirements could outweigh 
the limitations of HPC when compared with other available treatments, especially 
when considering degradation of organic chemical pollutants, toxic disinfection 
by-product formation, and antibiotic resistance concerns in wastewater reuse.

4.1.2  Variability in Wastewater Loads and Its Effect on Treatment

As for challenges of a technical nature, the variability in wastewater in terms of organic 
contaminant load (COD/DOC) has major effects on the process and the duration 
required for treatment. ROS generated by photocatalysis, such as hydroxyl radicals, 
are highly reactive but also highly unselective. This translates to reactions between any 
form of organic matter, whether harmless humic acids or chemical pollutants that are 
the target of the treatment. Choi et al. measured the pseudo-first-order rate constants of 
degradation for acetaminophen and carbamazepine in distilled water and real wastewa-
ter from different wastewater treatment plants (WWTPs) having different DOC loads 
[114]. Relative to distilled water, i.e., where DOC is entirely due to the contaminants 
of interest, real wastewater showed slower degradation of these two drugs by factors 
of 3–6. While concentrations of ions such as bicarbonate, chloride, and nitrate in low 
milligrams-per-liter quantities have a negligible effect on the rate constant, humic acid 
load drastically reduces the rate of removal (Fig. 4). It should also be noted that slowing 
of removal kinetics is not linear with DOC load, but rather plateaus after a certain load 
DOC [114].

The rate constants of hydroxyl radicals, the dominant radical in HPC, with most 
organic compounds approach the theoretical maximum imposed by diffusion-con-
trolled reaction kinetics [115]. This means that while there are differences in reactivity 
between different organic compounds in water, these differences tend to be mostly of 
the same order of magnitude (log kOH 9.5 ± 1) [116]. As CECs occur at concentrations 
many orders of magnitude lower than interfering substances, but both have a rate con-
stant within one order of magnitude, this results in a very small fraction of the ROS 
probabilistically reacting with CECs as dictated by competitive kinetics between the 
ROS formed and organic compounds in the water phase. The reduction in the rate of 
pollutant removal due to high contaminant load and/or the presence of scavengers is a 
well-established fact [117]. However, such an interfering effect can be overcome to a 
certain extent in some AOPs, such as ozonation or UVC/H2O2, where the concentra-
tion of the oxidant can be increased to achieve a suitable ratio between oxidant and 
total DOC load. By increasing the oxidant load (ozone, hydrogen peroxide, etc.), the 
concentration of hydroxyl radicals increases, yield a higher rate. The rate constant (k) is 
not affected by the concentration of reactants; thus, at the same temperature, increasing 
the concentration of the reactants increases the overall reaction rate of both CECs and 
DOC (since they compete for reaction with ·OH as per Eqs. 2 and 3).

(2)rate = k ⋅ [CEC] ⋅ [⋅OH]

(3)rate = k� ⋅ [DOC] ⋅ [⋅OH]
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Fixing the rate of oxidant to the [DOC] (concentration of DOC) thus aids in 
stabilizing the reaction rate.

The performance of the catalyst in the application of HPC to water/waste-
water treatment peaks at a certain catalyst load. A further increase in catalyst 
loading would be counterproductive, resulting in reduced efficiency due to the 
increased opacity of the aqueous matrix. Other factors such as light intensity can 
be increased, but only up to a certain threshold of saturation. Additionally, com-
monly used low-pressure mercury lamps are not dimmable, and increasing the 
intensity would require increasing the number of active bulbs. Moreover, adsorp-
tion and electrostatic forces should not be underestimated in heterogeneous pho-
tocatalytic process. HPC involves reaction between two materials in different 
states of matter, and pollutant adsorption on the surface of the catalyst has a dras-
tic effect on removal efficiency. This is because radicals are generated at the semi-
conductor–water interface, and these species have a very short half-life due to 
their very high reactivity. Having compounds adsorbed at the site of radical gen-
eration increases the probability of reaction of these radicals with the adsorbed 
species. This is also applicable for HPC for water disinfection, as E. coli and other 
Gram-negative bacteria are negatively charged due to the ionized phosphoryl and 

Fig. 4  Effect of initial concentration of humic acid (SR-HA), bicarbonate  (HCO3
−), nitrate  (NO3

−), and 
chloride  (Cl−) on the rate constant for the degradation of carbamazepine. Reproduced with permission 
from [114]
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carboxylate components in the cell wall [118, 119], and consequently they are 
attracted to positively charged semiconductor photocatalysts. These effects also 
influence the rate of removal/inactivation in other ways; for example, bicarbonate 
ions are known to adsorb to titania, reducing its activity [120] by preventing elec-
tron transfers that generate ROS to take place at the site of adsorption.

4.1.3  Irradiance and Transmittance Through Wastewater

The presence of TSS/turbidity and light-absorbing substances in wastewater results 
in a loss of transmittance (via absorption but also scattering and reflection) and, con-
sequently, a loss of energy because of the reduced light intensity that will reach the 
photocatalyst’s surface (as we already saw in Fig. 3). In the day-to-day operation of 
an HPC tertiary treatment process, the additional variability resulting from this issue 
can negatively affect process efficiency. Just like ozone content is dosed relative to 
the DOC load in water, some HPC process parameters can be modified depend-
ing on the type of reactor utilized. An online measure of UV–Vis transmittance at 
appropriate wavelengths has been suggested as a proxy measure for contaminant 
load [121]. Thus, this can be used to adjust some HPC parameters, e.g., in semi-
batch reactors such as raceway reactors [122] the volume of wastewater treated can 
be increased and decreased accordingly. A lower volume in a fixed reactor results in 
a shorter water column and thus higher transmittance. Batch reactor residence time 
can be adjusted as well.

4.1.4  Requirements for Widespread Adoption of Photocatalysis: A Technological 
Niche for HPC?

Photocatalytic reactors, including solar reactors, have been reviewed in detail in 
other publications (see [123, 124]), and the obstacles to widespread use are not so 
much technological, but rather a lack of market demand given the higher costs and 
levels of treatment obtained by HPC-treated wastewater.

The most critical requirement for widespread adoption of HPC is the establish-
ment of regulations mandating reduced CEC load in discharged effluents and/or 
water intended for reuse. The case for reducing CECs in water intended for reuse, 
specifically agricultural irrigation, is especially strong. Paltiel et  al. demonstrated 
that persons consuming crops irrigated with reused wastewater had significantly 
higher blood levels of carbamazepine compared with those who consumed vegeta-
bles irrigated with fresh water [125]. While the levels recorded are orders of mag-
nitudes less than therapeutic levels, there is still cause for concern, both because of 
chronic exposure to such compounds and due to the cocktail effects from the pres-
ence of numerous compounds and their transformation products, many of which 
are not known. High-level treatment of wastewater intended for food crop irrigation 
would thus be required if one were applying precautionary measures.

Another potential issue that might make HPC a necessity is the environmental 
dimension of antibiotic resistance. Conventional tertiary treatment processes and 
ozonation are both associated with an increased prevalence of antibiotic-resistant 
bacteria (ARB) and antibiotic resistant genes (ARGs) [126]. Such an increase 
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in prevalence results a process of natural selection in bacterial mortality, that 
is, when non-resistant bacteria are more susceptible to treatment than resistant 
bacteria. Therefore, while the overall bacterial loads decrease, the percentage of 
resistant bacteria within the total bacterial load increases [127–129]. This shift in 
population dynamics introduces risks in the downstream environment such that 
the more prevalent resistance is now more likely to thrive in the environment. 
Chlorination and UVC treatments are known to cause resistance selection [127, 
129]. Ozonation, which is also an AOP with high operating costs, is associated 
with increased ARB and ARGs as well [126]. Since HPC application for AR 
resistance mitigation is largely in its early stages, most studies on the matter have 
dealt with its ability to reduce the absolute number of ARB and ARGs, not specif-
ically on reducing relative abundance [94, 112, 130]. Other studies have targeted 
abundance [5, 131], but because of the lack of full-scale application in WWTPs, 
it has not been fully established whether HPC also increases prevalence. If antibi-
otic resistance associated with wastewater reuse is deemed a high risk in need of 
regulation by the authorities, and HPC is found to be an effective technology for 
AR mitigation, the high cost of HPC could be justified by its efficacy and by the 
lack of suitable alternative treatment methods.

Without fulfilling such a need, photocatalysis needs to become at least one 
order of magnitude more efficient [103], an obstacle that as yet has not been over-
come despite the intense level of research on the matter. The preferential use of 
modified catalysts over commercially available ones can play a pivotal role. These 
modifications must result in both higher efficiency in the generation of radicals 
(i.e., quantum yields for hydroxyl radical generation) and the ability to harness 
photonic energy beyond the UV range and into the visible range, thus enabling 
solar treatment. Energy production in a power plant and the transport and power-
ing of UVA lamps involve substantial energy losses at each stage, which can be 
avoided by using solar reactors as a cost-effective strategy. However, solar-driven 
treatments have problems as well. Even if future engineering modifications result 
in a sufficiently efficient visible-light-active photocatalyst that makes HPC com-
petitive with other AOPs, solar treatments are still limited by the actual duration 
of daylight and by the fact that solar reactors need a large footprint in terms of 
land area. Thus, they are more feasible in smaller, less densely populated cities, 
where the value of land is not as high as it is close to major cities. Additionally, 
solar treatments are limited seasonally, with lower treatment potential in winter, 
as well as geographically, with latitudes farther from the equator having lower 
insolation and hence treatment potential. While this limits solar-based technolo-
gies for the treatment of all types of wastewater, it is much less an issue for solar-
based treatment of water specifically for agricultural reuse. Firstly, areas with 
intense agriculture activity are located far from major cities, and thus the value 
of land is low allowing for larger footprints. Additionally, the need for irrigation 
is stronger in latitudes and seasons where insolation is higher. A wide variety of 
solar reactors have been proposed, including parabolic-based reactors and race-
way pond reactors [124, 132]. Parabolic reactors are more suitable in low-inso-
lation conditions but are more expensive than raceway pond reactors. The latter 
have been used mostly for homogenous AOP processes [133], since the low flow 
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rate of the water inside the reactors would require a catalyst to be immobilized to 
avoid powdered catalyst sedimentation.

In summary, there are tangible benefits in risk reduction with tertiary treating to 
a high standard, especially for the case of wastewater for agricultural reuse. The rip-
est area for development is the combination of cheap raceway pond reactors with 
immobilized solar-active photocatalysts being employed as the need arises to allevi-
ate temporal water scarcity bouts.

Even at equivalent outcomes, a consolidated system is always favorable to a 
newer system. Thus, for HPC to be competitive and turn the tide on other AOPs, 
it does not need to simply match the benefits of currently employed AOPs, but to 
exceed them. A possible strong point for immobilized solar HPC is that it would not 
require additional material input, and would require low energy input only for mix-
ing, as opposed to the more consolidated ozonation or Fenton processes which have 
these requirements.

Another pathway that can lead to increased acceptance of photocatalysis as 
a treatment is by combining it with other treatments. There are two main ways to 
combine treatments: simultaneously and in cascade/sequentially. The most com-
mon simultaneous use of HPC is its coupling with ozonation. This type of treat-
ment was recently reviewed [134]. The premise of such a combination is that the 
combined process is more efficient than either of the separate processes, by means 
of additional pathways that lead to ROS formation through the interaction of the 
photocatalyst and dissolved ozone as well as direct reactions with molecular ozone 
[134]. Sequential applications of HPC and other water treatments are not at all well 
studied. Examples exist of other AOPs that are applied in combination with or after 
another treatment such as chlorination exist [135, 136], but no suitable examples for 
HPC have been noted. The benefit of using HPC in a cascade with other treatments 
includes the fact that the intensity of treatments can be lower than what would be 
used individually; for example, if chlorination is to be used prior to a photocatalytic 
process, it is possible to reduce the quantity of chlorine applied and thus reduce the 
concentration of chlorinated by-products, while meeting the same targets that would 
not be possible with only one of the sequential treatments. An additional benefit, due 
to the different oxidation mechanisms, is that one process may be more active on a 
certain type of contaminant, while the other process is more active on another type; 
thus when used in cascade, the overall efficiency is higher.

A different approach for improving photocatalytic performance is to reduce the 
recombination of electron–hole pairs. A particularly interesting solution, in con-
trast to doping with metals, is represented by the modification (or combination) of 
the semiconductor with graphitic materials [137]. These materials are interesting 
because they have excellent electrical conductivity and are considered promising 
materials for photocatalysis [138]. In recent years, graphene-based photocatalytic 
processes have also been implemented through the combination of photocataly-
sis with other techniques. In particular, several studies report interesting results 
regarding the application of photoelectrocatalysis as an effective process used to 
suppress the recombination of charges [137]. In an photoelectrocatalytic process, 
an external bias potential is used. The electrons generated are accumulated on 
the external cathode and the holes on the photocatalyst. The electrodes used in 
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photoelectrocatalysis are generally composed of photocatalyst and co-catalyst 
deposited on conductive glass. Different photocatalytic materials have been used 
in photoelectrocatalysis, among which  TiO2 is one of the most widely studied 
semiconductors and is used as photoanode. Other materials active in the presence 
of visible light have also been used for their good performance as photoanodes 
[139].

However, if the photoanode consists of only one component, it is characterized 
by the problem of recombination of the charges. For this reason, making changes 
to the composition of the photoanode can be useful. In particular, an interesting 
approach is the use of co-catalysts, and among these, graphitic materials are very 
promising. Graphitic materials with two-dimensional structures are characterized by 
excellent electrical conductivity and can be used as electron transporters in order to 
improve the separation of photogenerated charge carriers and to enhance photoelec-
trocatalytic activity [137]. Various studies have investigated the ability of graphene 
to attract and transport electrons, improve the adsorption of reagents, and confer the 
ability to absorb light in the visible field to semiconductors [140–144].

4.2  Gray‑ and Stormwater Treatment

Gray water includes wastewater generated by households from sources such as sinks, 
showers, baths, laundry washing machines, and dishwashers, but does not include 
fecal-contaminated sources. Stormwater originates from precipitation events, includ-
ing snow and ice melt. Stormwater can be absorbed in soil, stored in water bodies as 
surface water (e.g., in ponds and lakes), evaporate, or be transported via streams 
and rivers. HPC has seen some research applications in gray-water and harvested 
stormwater treatment. Wang et  al. [145] used  TiO2-graphene oxide composites at 
various percentages in artificial stormwater for the disinfection of spiked E. coli 
under solar light. While the catalyst showed good reusability, even after ten cycles, 
in the optimal case only up to 1 log removal was reported from an initial bacterial 
load of  104 CFU/mL. The catalyst, due to its surface charge, was very efficient in 
reducing TSS by co-sedimentation of any waterborne particles with the photocata-
lyst. The authors suggest that such a treatment could take place with photocatalysis 
during daytime, coupled with a long period of sedimentation for catalyst recovery 
and TSS reduction overnight. However, the application of HPC for gray-water or 
stormwater is not ideal—HPC, as a process that is reactive to virtually all organic 
compounds, would benefit from an initial biological process in order to remove bio-
degradable organic compounds. Such a setup was demonstrated by Garcia et al. fol-
lowing the removal of TOC in rainwater using a combined ozonation-photocatalytic 
system, but only after treatment in a bioreactor for the removal of biodegradable 
compounds [146]. Other examples of gray-water treatment by HPC have also been 
reported [147, 148]. While research on HPC treatment of gray/stormwater has been 
published, it is a very small part of water treatment. Both in terms of microbial con-
tamination and potentially toxic compounds, gray/stormwater is of negligible impor-
tance relative to wastewater.
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4.3  Industrial Wastewater Treatment and Energy Recovery from Hydrogen 
Production

Industrial processes utilize water that can be contaminated by any organic or inor-
ganic compounds used in the process. Thus, the characteristics of urban wastewa-
ter are completely different from those of industrial wastewater. The role of AOPs 
in industrial wastewater treatment is often to improve its biodegradability and/or 
reduce toxicity, before applying a biological process. AOPs can also be used after 
biological treatment of industrial wastewater to further reduce residual contaminants 
to meet the standards for effluent disposal or reuse. In the following subsections, the 
application of HPC to various types of industrial wastewater (food, textile, tanning, 
and pharmaceutical/pesticide) are critically reviewed by discussing its potential, 
limitations, and prospects.

4.3.1  Pharmaceutical and Pesticide Industry Wastewater

Pharmaceutical compounds are typically detected in urban wastewater at concentra-
tions in the range of nanograms to micrograms per liter [149], with TOC levels in 
the low milligrams-per-liter range [150]. Although pharmaceuticals can be resistant 
to treatment and have deleterious effects downstream, at the levels they are found in 
urban wastewater they do not cause operational problems to the UWTPs. However, 
wastewater from pharmaceutical industries presents a distinctive case. These waste-
water effluents contain high levels of TOC, with concentrations even reaching grams 
per liter [151], and high levels of compounds that are specifically designed to be bio-
active and hence have a high potential for toxicity. Because the volumes of water are 
much lower than in urban wastewater, Fenton processes are more commonly used 
to treat pharmaceutical wastewater, as the high TOC load and lower water volumes 
make it feasible to alter the pH to meet the requirements for Fenton processes. How-
ever, photocatalysis has also been studied at the lab scale for treatment of pharma-
ceutical industrial wastewater. Ahmadi et al. used a  TiO2 coupled with carbon nano-
tubes to treat pharmaceutical wastewater; 0.2 g/L of catalyst was able to reduce the 
TOC from 1295 to 228 mg/L in 240 min of irradiation. Deng et al. utilized a silver-
based photocatalyst to reduce the TOC of real pharmaceutical wastewater from 25 to 
10 g/L in 500 min [152], while Verma et al. used a commercial  TiO2 preparation to 
reduce the COD by approximately 90% after 7 h from an initial load of 2.5 g/L.

Industrial wastewater from the pesticide industry is in many ways identical to that 
from the pharmaceutical industry. Pesticides, like pharmaceuticals, are bioactive 
compounds, are designed to be stable in order to perform their designed function, 
and can interfere with biological treatments. HPC has also been studied for the treat-
ment of industrial wastewater from the pesticide industry. Alalm et al. [153] com-
pared the efficiency and cost of using HPC (commercial  TiO2) versus a solar photo-
Fenton process for treating real agrochemical/pesticide wastewater with a high 
COD load of 7 g/L. The wastewater was treated using parabolic solar collectors and 
showed very high efficacy for both processes, especially when taking into account 
the COD load present. Under the optimal conditions studied, solar HPC was able 
to reduce the COD load by 80%, while the photo-Fenton process reached 91%. As 
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already mentioned for pharmaceutical wastewater, Fenton processes are generally 
preferred for industrial wastewater of this type, since the lower water volumes make 
pH alteration economically feasible. The authors reached the same conclusion, since 
they estimated that the best-performing HPC treatment was 1.5 times as expensive 
as solar photo-Fenton per unit volume of wastewater treated. Other research has 
been carried out on in  situ treatment of wastewater from the agro-industry using 
innovative solar photocatalytic reactors [154]. Wastewater generated from the wash-
ing of equipment used for agricultural pesticide application was treated using com-
mercial titania. While the COD loads of the treated wastewater were not high, in the 
range of 0.1 g/L, the treatment was able to reduce it by more than 75% of the initial 
value, with contained costs of operation. Kushniarou et al. also applied a photocata-
lytic treatment for agro-industry wastewater generated from washing equipment that 
had been in direct contact with pesticides. With the use of commercial  TiO2-P25 
and 150 mg/L of persulfate, the grouped concentration of 12 selected pesticides was 
reduced by > 99% in 1 h [155].

In all cases, commercial unmodified titania was used as the photocatalyst under 
solar or solar-simulated conditions. This catalyst, with a bandgap of about 3.2 eV, is 
mostly active under UV radiation, which is a minor fraction of the solar spectrum. 
This presents an opportunity to further enhance the photocatalytic process in the 
removal of pesticides from agro-industry wastewater, since the use of a doped pho-
tocatalyst with a lower bandgap would result in the utilization of a higher fraction of 
the solar spectrum and higher expected rates of removals. This improvement might 
be enough to reduce the cost while also having a major advantage over solar photo-
Fenton processes in ease of automation, as it does not require the addition of an oxi-
dant such as hydrogen peroxide.

4.3.2  Food Industry Wastewater Treatment and Energy Recovery

Food industry wastewater, in addition to biodegradable organic substances, can also 
include organic substances that are not easily biodegradable, such as food dyes.

Synthetic dyes are the largest group of additives used in the food industry, and 
their by-products, such as phenolic compounds and aromatic amines, are toxic to 
the aquatic environment because of their carcinogenic and mutagenic nature [156]. 
These dyes generally contain recalcitrant organic and inorganic groups, and their 
release into the aquatic environment results in a reduction in light transmittance, 
thus reducing the penetration of solar radiation through the receiving body of water. 
Dyes have high thermal and photo-stability, and this makes them resistant to bio-
degradation [157]. For this reason, they are persistent molecules which remain in 
the environment for long periods. The main consequence of the presence of dyes in 
aquatic environments is on plants, since the light absorption by the dye present in 
the water reduces photosynthesis activity and influences the food chain [157]. Fur-
thermore, some dyes can cause carcinogenic and genotoxic effects on humans [67, 
158], and AOPs appear to be an attractive option for removing such pollutants from 
wastewater.

Although homogeneous Fenton reaction is effective in the oxidation of sev-
eral recalcitrant pollutants and is used in industrial wastewater treatment as a 
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pre-oxidation step before a biological process, it has some drawbacks. One of the 
main limitations is that the process relies on acidic operating conditions (optimal 
at pH < 3) to avoid catalyst precipitation. Thus conventional homogeneous photo-
Fenton can improve process efficiency but does not solve pH-related problems 
(pH pre-acidification, pH post-neutralization, and sludge production, treatment, 
and disposal). This restriction makes this option attractive only for the treat-
ment of acidic wastewater, because application to neutral or alkaline wastewater 
would increase operating costs. The improvement of photo-Fenton performance 
under neutral conditions has been a subject of high interest among the scientific 
community in recent years. In particular, photo-Fenton has been investigated for 
the removal of CECs from urban wastewater and inactivation of bacteria, and 
its operation under mild conditions (pH 5–6) resulted in good efficiency [159, 
160]. Other possible approaches include the use of heterogeneous and homogene-
ous (photo)-Fenton-like processes. In homogeneous processes,  Fe2+ is replaced 
by other metals or possibly combined with organic or inorganic ligands to form 
complexes and/or to stabilize the metals over a wide pH range [161]. Different 
ligands including nitriloacetic acid, ethylenediaminetetraacetic acid, oxalic acid, 
tartaric acid [162], and ethylenediamine-N-N0-disuccinic acid [163], as well as 
metal–organic complexes, have been investigated so far. Another option for over-
coming homogeneous photo-Fenton drawbacks includes heterogeneous catalytic 
systems based on macroscopic supports (such as corundum, cordierite) [164]. 
Heterogeneous photo-Fenton methods have been investigated for the removal 
of dyes from aqueous matrices [165] through the immobilization of Fe ions on 
clays, bentonite, and laponite [166], or by using iron oxides such as goethite or 
hematite under non-controlled pH conditions [167]. To overcome the drawback 
of powder catalyst removal after treatment, macroscopic supports appear to be an 
attractive alternative. Structured catalysts can be purposefully designed to opti-
mize fluid dynamics. The application of such a catalyst (i.e.,  LaFeO3 loaded on 
corundum honeycomb monolithic support) for the removal of food azo dyes from 
aqueous solutions resulted in complete discoloration and mineralization (evalu-
ated in terms of TOC removal) of two food dyes [Allura Red (RED) and tar-
trazine (TRZ)] (Fig.  5); notably, the process proved to be extremely efficient at 
spontaneous pH values (equal to 6) [67].

Among food industrial wastewater, dairy wastewater is a category not easily man-
aged through conventional biological process alone [168]. While it does not contain 
particularly toxic substances, dairy wastewater is characterized by high organic con-
tent including fats and proteins, which can decompose. Their treatment is generally 
managed through biological processes, but several problems have been noted related 
to operating pH, variations in the organic loading, and high sludge volume produced 
[169]. Some attempts to treat such wastewater by HPC have been carried out but 
were not so successful.

HPC was combined with a flocculation process to remove COD and inactivate 
bacteria from dairy wastewater [170]. Although a  TiO2 P25 Evonik photocatalyst 
resulted in total inactivation of E. Coli after 5 h of treatment (120 W/m2 of UV–Vis 
light intensity), an increase in COD and TOC was also observed, which the authors 
attributed to the formation of organic oxidation intermediaries.
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An HPC technique using ZnO thin film as photocatalyst immobilized on a 
metal plate (800 × 250 mm) was investigated as possible pretreatment (before 
biological processing) of dairy wastewater [171]. The experiments were carried 
out using a solar reactor with a fixed dairy wastewater volume (3 L) and a liq-
uid flow rate of 13  L/min. According to the Taguchi L8 orthogonal array used 
in the experimental design, an effective TOC percentage degradation as low as 
14.23% for all conditions at an optimal level was recorded (max degradation 
percentage of 31.42%). Although the authors recommend the process as a pos-
sible pre-oxidation step to improve dairy wastewater biodegradability, taking into 
account wastewater characteristics (turbidity 2786 NTU, COD 6032 mg/L, total 
solids 10,720 mg/L, oil and grease 2002 mg/L) as well as initial biodegradability 
(as  BOD5/COD = 0.368), it appears to be more appropriate as a post-treatment 
method after biological processes, assuming that the reactor can be scaled up.

The possibility of energy recovery from agrifood wastewater has attracted 
increasing interest among the scientific community due to the potential for 
organic pollutants to be transformed into useful fuels such as methane and hydro-
gen. The purification of wastewater with simultaneous energy conversion is an 

Fig. 5  Effects of  LaFeO3 structured photocatalyst for photo-Fenton reaction on TOC removal over the 
run time for a RED and b TRZ dyes [67]
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attractive strategy in the context of a circular economy. The use of photocataly-
sis for hydrogen production is one of the most widely investigated and interest-
ing approaches for simultaneously treating and deriving value (through renew-
able energy production) from wastewater [172]. For example, hydrogen recovery 
through photocatalytic treatment of wastewater containing high concentrations of 
sugars (particularly glucose) has been increasingly investigated [11, 173–175]. 
In particular, for the photocatalytic production of hydrogen, the use of suspended 
and dispersed photocatalysts has unique advantages such as efficient utilization of 
light energy and fast transport of pollutants between the powder surface and the 
aqueous medium. An interesting solution for overcoming photocatalyst recovery 
problems, while at the same time preserving the characteristics and advantages 
of a slurry reactor configuration with the photocatalyst dispersed in solution, is 
the use of magnetic particles as catalyst support materials [176]. For example, a 
Ru-doped  LaFeO3 photocatalyst coupled with magnetic  Fe2O3 particles was pro-
posed for the photocatalytic production of hydrogen (5460 μmol/L) from glucose 
degradation (complete removal after 4  h treatment) under visible light irradia-
tion [176]. Notably, the photocatalyst recovered from the photoreactor using an 
external magnetic force showed high stability, and its activity did not change even 
after seven cycles of use (Fig. 6).

The hydrogen production observed was competitive relative to the results of other 
studies in the literature (e.g., 1580 μmol/L under UV irradiation in the presence of 
ethanol as sacrificial agent and using a perovskite-based catalyst) [177]. It is not 
possible to make a comparison in the case of glucose as sacrificial agent, since this 
last compound has thus far been investigated only in the presence of noble metal-
based catalysts [178, 179]. Moreover, the magnetic photocatalyst was also tested on 
real agrifood industrial wastewater (cherry washing process), yielding significant 
hydrogen production (12,344 μmol/L).

4.3.3  Tannery Wastewater

The tannery industry is one of the most productive sectors for the economies of 
some countries, but also one of the most environmentally impacting processes due 
to the huge consumption of water resources and chemicals and the high-polluting 
wastewater [180]. Tannery wastewater is characterized by a dark brown color, high 
COD and  BOD5, and the presence of chromium(III) and phenols [181]. The appli-
cation of HPC with different semiconductors has been intensively studied because 
of its ability to degrade the pollutants into nontoxic molecules [182, 183]. ZnO 
supported on glass spheres, through dip-coating technique without using complex-
ing chemicals, have been effective in the discoloration and mineralization of non-
biodegradable tannery dyes under UV light irradiation, reaching discoloration and 
mineralization values higher than 70% [184]. Moreover, the developed structured 
photocatalyst was also effective in the treatment of real wastewater characterized 
as having a high COD value (11 g/L) (Fig. 7). COD removal as high as 70% was 
achieved after 180 min of UV irradiation [184].

Another reported application of ZnO-based photocatalysts (doped with rare earth 
praseodymium) is in the purification of industrial wastewater from the dyeing and 
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finishing processes of the leather industry [185]. In particular, a Pr-doped ZnO pho-
tocatalyst was able to obtain a discoloration degree higher than 50% after 240 min 
of UV irradiation, with a TOC removal rate of about 40% (TOC initial values in the 
range 540–1200 mg/L) after 180 min of UV irradiation.

4.4  What are HPC Prospective Uses for Wastewater Treatment?

According to the results available in the scientific literature and discussed in the sec-
tions above, the application of HPC to wastewater treatment is basically at a “tech-
nological research” level, which is a technology readiness level (TRL) between 2 
and 6 (Fig. 8). A number of disadvantages remain, including (1) technological limi-
tations, (2) lack of regulations limiting the release of specific contaminants into the 
environment (namely CECs from urban WWTPs), and (3) still low efficiency rela-
tive to other consolidated technologies in treating some refractory (industrial) waste-
water (Table 2).

Fig. 6  Photocatalytic degradation (a) and hydrogen production (b) for Ru-LaFeO3/Fe2O3 photocatalysts 
for different cycles. Initial glucose concentration: 1000 mg/L; catalyst dosage: 1.5 g/L [176]
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Although HPC was found to be effective for the inactivation of pathogens and 
the degradation of CECs in secondary treated urban wastewater, it is not competi-
tive with consolidated technologies (namely ozonation) due to technological limi-
tations [103, 150], which rank it at TRL 4. Even if such technological limitations 
are successfully addressed in the future, the absence of a specific regulation on 
the release of CECs into the environment (except in Switzerland) or in wastewater 
treated for reused discourages urban WWTP managers from replacing conventional 
tertiary treatments (mainly disinfection by chlorine, peracetic acid or UV radiation) 

Fig. 7  a Schematic representation of synthesis and photocatalytic tests using ZnO on glass spheres. b 
COD behavior as a function of run time during the treatment of tannery real wastewater using ZnO on 
glass spheres [184]

Fig. 8  Technology readiness level scale [185]
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with more expensive processes such as AOP, and particularly HPC. The treatment 
of industrial wastewater is a more complex matter, and process efficiency strongly 
depends on the specific industrial process. In such a case, wastewater characteristics 
can change substantially in terms of organic loading (from tens of milligrams to tens 
of grams per liter of COD) and in quantity of toxic/refractory contaminants. As high 
organic loads in wastewater are of concern, HPC is less effective than more consoli-
dated processes (namely ozonation and Fenton) as a pre-oxidation step to improve 
wastewater biodegradability before a less expensive biological treatment step. Nev-
ertheless, HPC could become competitive provided that certain technological lim-
itations are resolved (e.g., reactor design, synthesis, and development of effective 
supported photocatalysts), as an advanced treatment of industrial wastewater (after 
biological treatment) to remove specific contaminants not effectively removed by 
biological processes (e.g., phenols in olive oil wastewater treatment).

5  Conclusions

Although HPC has been widely investigated in recent decades for the removal of 
several contaminants from aqueous matrices, due to the several issues outlined 
herein, its application in real wastewater treatment at full scale is still far from 
becoming a consolidated technology. However, (1) continuing technological devel-
opments in terms of increasingly effective photocatalysts (even under visible light) 
and easily scalable synthesis methods, along with the design of new reactors and 
the identification of specific applications in wastewater treatment where HPC can be 
competitive with consolidated technologies, may promote its application at full scale 
in the mid- to long term. A contribution in that direction can come from an increas-
ing number of investigations under real conditions, developing more reactors at a 
pilot scale to better investigate their feasibility, and possible scale-up conditions to 
successfully address specific challenges in wastewater treatment.
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Abstract
A methodology for photocatalytic reactor modeling applied to advanced oxidation 
processes for chemical pollution abatement is presented herein. Three distinct reac-
tor configurations typically employed in the field of air and water purification—wall 
reactors, slurry reactors, and fixed-bed reactors—are considered to illustrate the 
suggested approach. Initially, different mechanistically derived kinetic expressions 
to represent the photocatalytic rate of pollutant degradation are reviewed, indicat-
ing the main assumptions made by the authors in the published contributions. These 
kinetic expressions are needed to solve the mass balances of the reactant species in 
the photocatalytic reactors. As is well known, at least one of the steps of the reac-
tion mechanism requires evaluation of the rate of electron–hole generation, which 
depends on the photon absorption rate: a volumetric property for reactions with the 
catalyst particles in aqueous suspension or a surface property for systems with a 
fixed catalyst deposited on an inert support. Subsequently, the different techniques 
for evaluating the optical properties of slurry and immobilized systems, and the 
numerical methods applied to calculate the photon absorption rate, are described. 
The experimental and theoretical results of pollutant degradation in each reactor 
type are then presented and analyzed. Finally, the definition, calculation, and rele-
vance of different efficiency parameters are briefly reviewed. Using these illustrative 
examples, we emphasize the need for a systematic and rigorous approach for photo-
catalytic reactor modeling in order to overcome the inherent drawbacks of photoca-
talysis and to improve the overall efficiency of the process.

Keywords Photocatalysis · Modeling · Photon absorption · Wall reactor · Slurry 
reactor · Fixed-bed reactor
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1 Introduction

The modeling of conventional chemical reactors generally requires consideration 
of the momentum, thermal energy, and multicomponent mass conservation equa-
tions. In the particular case of photoreactors, the radiant energy distribution within 
the reaction space must be incorporated. Figure 1 schematically illustrates the meth-
odology proposed in this work for modeling of the radiation field in heterogeneous 
reactors and, from this information, for the evaluation of the photon absorption rate 
inside the photocatalytic reactor.

The mass conservation equations for the main pollutant and for the most impor-
tant intermediate species should be considered. Since most photocatalytic reactions 
are carried out at a fixed temperature, generally close to room temperature, it is not 
necessary to take into account the thermal energy equation. To solve the mass bal-
ances, information about the reaction rate of each of the species involved is required. 
In turn, reaction rate expressions can be obtained from kinetic schemes of the photo-
catalytic process.

Normally, a kinetic scheme comprises several elementary steps, the majority of 
which are thermal (or dark), but there is always one irradiated step (or activation 
step) which involves the absorption of radiation by the photocatalyst to generate 
electron–hole pairs. To evaluate the reaction rate of the activation step, or the so-
called reaction rate of electron–hole generation, it is essential to know the rate of 
photon absorption, which can be considered as (i) a volumetric rate (for reactions 

Fig. 1  Evaluation of volumetric or surface photon absorption rate in photocatalytic reactors. Adapted 
with permission from [1]. Copyright 2009 Elsevier
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with the catalyst particles in aqueous suspension) or (ii) a surface rate (for systems 
with a fixed catalyst deposited on an inert support).

At this point, in order to evaluate the rate of photon absorption, it is necessary 
to compute the radiation field inside the photocatalytic reactor. To this end, the fol-
lowing information should be provided: the incident radiation at the reactor walls 
(boundary conditions of the problem) and the optical parameters of the heteroge-
neous system. The calculation of the boundary conditions of the radiation problem 
usually requires information that may be obtained from UV–visible lamp emission 
models (with or without reflecting surfaces), actinometric and radiometric measure-
ments, or measurements (or predictions) of solar radiation. To complete the evalu-
ation of the boundary conditions, it is essential to know the transmittance of the 
reactor window and, especially in slurry systems, the possible fouling of the walls 
of the reactor window. On the other hand, the evaluation of the optical parameters 
of the system consists in determining the absorption and scattering coefficients of 
suspended catalysts, or the diffuse transmittance and reflectance properties of immo-
bilized catalyst films. With all this information, it will be necessary to implement a 
numerical method to calculate the volumetric or surface rate of photon absorption.

As shown in Fig. 1, in particular cases of photocatalytic processes, it is necessary 
to establish a “link” between the radiation field and the mass conservation equa-
tions. For example, (i) a reagent or reaction product absorbs radiation and modifies 
the photon absorption distribution inside the reactor; or, less frequently, (ii) the cata-
lyst undergoes physical changes (e.g. aggregation) over the reaction time that mod-
ify its radiation absorption properties. In these cases, the mass balances are coupled 
with the radiation field, and therefore, the mathematical problem “mass balances-
radiation field” must be solved in an integrated way. However, in most photocata-
lytic systems, including the examples presented in this review, the radiation field is 
independent of the mass balance equations.

In Sect. 2 of the present work, different kinetic expressions employed to study the 
photocatalytic oxidation of pollutants in liquid and gaseous phases are summarized. 
Subsequently, the photocatalytic degradation of chemical pollutants in three different 
reactor configurations is presented: wall reactors (Sect. 3), slurry reactors (Sect. 4), and 
fixed-bed reactors (Sect. 5). For each reactor type, the following topics are discussed: 
the evaluation and resulting profiles of the photon absorption rates, the mass balance 
equations for the pollutants, and the experimental and theoretical results of pollutant 
degradation in the reactors. Finally, Sect. 6 presents the definitions of the most fre-
quently employed efficiency parameters, along with examples that illustrate the utility 
of these parameters to compare results among different photocatalytic reactors.

2  Kinetics of Photocatalytic Oxidation

The purpose of this section is to summarize the principal kinetic expressions 
reported in the scientific literature for photocatalytic reactions applied to environ-
mental remediation. We will refer only to expressions derived from photocatalytic 
oxidation mechanisms. Nevertheless, the final form of these mechanistically based 
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equations can, in certain cases, matches with commonly used empirical reaction rate 
expressions.

Photocatalytic oxidation reactions start with the activation of the catalyst (a solid 
semiconductor) by absorption of radiation of a certain wavelength and energy. When 
the semiconductor energy band gap is exceeded, electron–hole pairs are generated 
in the solid particles of the catalyst and migrate to the surface, where (i) adsorbed 
water or hydroxyl ions can trap holes, generating hydroxyl radicals; (ii) adsorbed 
molecular oxygen can trap electrons, producing the superoxide radical anion; or (iii) 
the photogenerated electron–hole pairs can recombine, releasing heat.

The spectral surface rate of electron–hole generation (rg,λ) is proportional to the 
rate of photon absorption and can be expressed as follows [2]:

where ea,s
�

 represents the spectral local surface rate of photon absorption (LSRPA), 
and �

�
 is the constant of proportionality defined as the primary quantum yield at 

wavelength �.
For polychromatic systems, the rate of electron–hole generation can be expressed 

as:

where �
�
 is the primary quantum yield averaged over the useful range of 

wavelengths.
Also, for pseudo-homogeneous systems such as nanoparticle slurries, the ini-

tiation rate can be expressed as a function of the local volumetric rate of photon 
absorption (LVRPA, ea

�
 ) according to [3]:

where aV is the total active catalytic surface per unit volume of the pseudo-homoge-
neous system. In the case of nanoparticle slurries, aV is calculated as the product of 
the photocatalyst load (Ccat) and the specific surface area (Sg).

In mechanistically kinetic studies, the reaction rates of the pollutants and of the 
possible stable intermediates are postulated considering the mass action law for 
the elemental reactions of the photocatalytic mechanism. Additionally, the micro 
steady-state hypothesis is normally adopted for short-lived or unstable species. This 
assumption allows one to obtain kinetic expressions independent of the unknown 
concentrations of these unstable species [4]. The resulting equations explicitly 
include the effect of photon absorption on the reaction rate through the LSRPA or 
LVRPA. There are other commonly advanced hypotheses that differ between liq-
uid- or gas-phase reactions. Consequently, kinetics in both reacting media will be 
addressed separately in this review.

(1)rg,� = �
�
e
a,s

�
,
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�
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�
d� = �

� ∫
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∫
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aV �
�
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2.1  Photocatalytic Kinetics in Liquid Phase

In liquid-phase reactions, pollutant oxidation can occur indirectly, through hydroxyl 
radical attack, or through direct oxidation by photogenerated holes. The following 
hypotheses are frequently considered in kinetic studies: (i) oxygen concentration is 
constant, (ii) water or hydroxyl ion concentrations are constant, (iii) reactions occur 
among adsorbed species, (iv) liquid–solid adsorption equilibrium is achieved, and 
(v) there is no adsorption competition between water and other species [5].

The most commonly derived reaction rate equations considering hydroxyl 
radical attack are shown in Table 1. As demonstrated in Muñoz-Batista et  al. [4], 
Eq.  (4) corresponds to the most comprehensive expression of the reaction rate of 
a model pollutant X. This equation employs the Langmuir isotherm to relate bulk 
and adsorbed concentrations of reactants at the catalytic surface, and a competi-
tive adsorption mechanism among X and the reaction intermediates Yi. In these 
expressions, the kinetic parameters αi group elemental reaction rate constants and 
adsorption equilibrium constants Ki. The mathematical expression of Eq. (4) is also 
obtained when considering linear adsorption of reactants, but the parameters αi 
comprise different constants.

Under particular operating conditions (high or low irradiation levels, low contam-
inant concentration, etc.), Equation (4) can be simplified. The most frequent limiting 
cases and the resulting kinetic expressions are also presented in Table 1.

Table 2, on the other hand, reports commonly used reaction rate equations when 
pollutant oxidation is carried out by the direct hole attack. Equation (10) represents 
the most complete mathematical expression. Simplifications reported in the lit-
erature under specific conditions, along with the corresponding equations, are also 
depicted in Table 2. It is interesting to note that the same mathematical expression 

Table 1  Common photocatalytic kinetic expressions in liquid-phase photocatalytic reactions involving 
hydroxyl radical attack

Case Photocatalytic reaction rate Equa-
tions

References

Complete expression/linear adsorption 
equilibrium

r
X
=

�1CX

�

1−

�

1+�2 ∫
�

e
a,s

�
d�

�

1+�3CX
+
∑

i

�
i
C
Yi

(4) [6–10]

Low contaminant concentration
rX = �

1
CX

(
1 −

√
1 + �

2
∫
�

e
a,s

�
d�

)
(5) [6, 8, 10]

High irradiation level
rX = −

�1CX

�∫
�

e
a,s

�
d�

1+�2CX+
∑
i

�iCYi

(6) [10, 11]

High irradiation level and low contaminant 
concentration

rX = −�CX

√∫
�

e
a,s

�
d�

(7) [3, 5]

Low irradiation level
r
X
= −

�1CX
∫
�

e
a,s

�
d�

1+�2CX
+
∑
i

�
i
C
Y
i

(8) [9]

Low irradiation level and low concentra-
tion

rX = −�CX ∫
�

e
a,s

�
d� (9) [3]
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of Eq. (11) results from the assumption of low contaminant concentration or, alter-
natively, of linear adsorption at the catalyst surface.

2.2  Photocatalytic Kinetics in Gas Phase

The most frequently reported kinetic expressions for photocatalytic reactions in gas 
phase, summarized in Table 3, consider hydroxyl radical attack as the main mecha-
nism for the degradation of pollutants. Hypotheses similar to those for the liquid 
phase are assumed, with two exceptions: (i) water vapor is a variable of the react-
ing system, and (ii) adsorption competition among water and other species for the 
actives sites of the catalyst must be considered.

3  Wall Reactors

In this configuration, the photocatalyst is immobilized on the reactor walls, repre-
sented by flat or curved extended surfaces of an inert support in contact with the 
contaminated phase to be treated. This type of photoreactor is frequently employed 
for kinetic studies in gas and liquid phases [4, 27, 28].

3.1  Evaluation of Photon Absorption

A medium is considered as participating in radiative transfer if it absorbs, emits, 
or scatters a ray as it travels through the medium. In this case, the radiative transfer 
equation (RTE) governs the distribution of the radiation intensity. In photocatalytic 

Table 2  Common photocatalytic kinetic expressions in liquid-phase photocatalytic reactions involving 
direct hole attack

Case Photocatalytic reaction rate Equa-
tions

References

Complete expression
rX =

�1CX

1+K
X
C
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�2 ∫
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C
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C
X

⎞⎟⎟⎠

(10) [12–14]

Linear adsorption isotherms/
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⎛⎜⎜⎝
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�2 ∫
�

e
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�
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X
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(11) [12–14]
With �2 =

2

�1
 or 

�� = 1:
[15–17]

Linear adsorption isotherms/
low contaminant concentra-
tion and high irradiation 
level

r
X
= −�
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�

e
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�
d�C

X

(12) [14]

Linear adsorption isotherms/
low contaminant concentra-
tion and low irradiation level

r
X
= −� ∫

�

e
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�
d� (13) [14]

For intermediate 
generation rate: 
[18]
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wall reactors, the fluid phase (gas or liquid) is generally a non-participating medium. 
Then there is no need to solve the RTE, since the radiation intensity along the ray 
path does not change [29]. Nevertheless, the incident radiation flux on the photo-
catalytic wall must be evaluated as a boundary condition in order to calculate the 
LSRPA by the photocatalyst.

3.1.1  Radiation Boundary Conditions

The incident net radiation flux on the photocatalytic wall is defined by:

where q
�
 is the spectral net radiation flux, q

�

 the spectral radiation flux vector, n the 
outwardly directed unit vector normal to the photocatalytic surface, and I

�
 the spec-

tral radiation intensity in the direction of the unit vector Ω corresponding to the solid 
angle Ω.

Radiation boundary conditions can be evaluated through the resolution of lamp 
emission or solar radiation models, or by means of experimental measurements. 
The most frequently applied lamp emission models in photocatalytic reactors are 
the rigorous voluminal and surface lamp emission models [29] and the simplified 
linear source with spherical emission model [30–32]. The experimental determina-
tion of the incident radiation flux includes radiometer measurements (of the total 
or spectral radiation flux) or actinometric reactions in liquid or gas phase [33–35]. 
Figure 2 shows the experimental validation through radiometer measurements of the 
total incident radiation flux on a flat-plate photocatalytic reactor window predicted 

(21)q�
(
x, t

)
= n ⋅ q

�

(
x, t

)
=
∫�

I�
(
x,Ω, t

)
Ω ⋅ n dΩ

0
2

4
6

8
10

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0
4

8
12

16
20

q w
 / 

W
 c

m-2

x /
 cmz / cm

Fig. 2  Experimental validation with radiometer measurements of the incident net radiation flux at the 
flat-plate reactor window predicted by the surface emission lamp model. Reprinted with permission from 
[19]. Copyright 2016 Wiley–VCH
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by the surface emission lamp model [19]. Also, multiphysics or computational fluid 
dynamics (CFD) software, such as COMSOL  Multiphysics® or ANSYS Fluent, is 
used to simulate the radiation field in the reacting system. The ray optics module 
of COMSOL  Multiphysics® treats the radiation field as rays that reflect and refract 
at surfaces [36]. ANSYS Fluent, on the other hand, can apply the discrete ordinary 
method (DOM) to solve the radiation field in photoreactors. In the case of a non-par-
ticipating domain, such as non-absorbing gases or liquids, it allows one to calculate 
the incident radiation flux on the catalytic wall [37].

3.1.2  Optical Properties

To evaluate the LSRPA on the photocatalytic walls, the optical properties of the wall 
are also necessary. Measurements and further calculations are frequently involved in 
determining the absorbed radiation fraction by the photocatalyst-immobilized film. 
Experimental determinations include the measurement of the diffuse transmittance (T) 
and reflectance (R) of the immobilized system (photocatalytic film + support) and the 
inert support alone in a spectroradiometer equipped with an integrating sphere reflec-
tance attachment [38, 39]. Then, applying the ray-tracing method, the optical properties 
(reflectance and transmittance) of the photocatalytic film can be calculated via the fol-
lowing expressions for a two-layer system (photocatalytic film + support) [27, 38, 40]:

where the subscript f stands for photocatalytic film, s represents support, and fs cor-
responds to the film + support.

On the other hand, for a three-layer system when the photocatalyst is immobilized 
on both sides of the inert support, the following expressions can be derived by applying 
a net radiation flux balance [19, 39, 41]:

Finally, the fraction of absorbed radiation in the photocatalytic film can be calcu-
lated considering that radiation is either absorbed, reflected, or transmitted in the 
immobilized film [42]:

(22)Rf =
RfsT

2
s
− T2

fs
Rs

T2
s
− R2

s
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,
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Tfs
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)
,

(24)Rf =
Rfsf Tf − Tfsf Rs

Tfsf T
2
s
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2
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3.1.3  Local Surface Rate of Photon Absorption (LSRPA)

Applying a local radiative energy balance in an immobilized layer of photocatalyst, the 
spectral LSRPA can be calculated according to [27, 40]:

where qλ,in, qλ,tr, and qλ,rf are the incident, transmitted, and reflected spectral radia-
tive fluxes, respectively, at the photocatalytic film (Fig. 3).

In the case of multilayer photocatalytic films and supports, the net radiation flux 
balance must be performed in each layer. The resulting radiation fluxes leaving the nth 
layer can then be written as [19, 41, 42]:

where q+
n
 and q−

n
 are the forward and backward radiation fluxes, respectively, and Tn 

and Rn are the diffuse transmittance and reflectance, respectively, of the nth layer. 
Figure 4 shows a schematic representation of a three-layer system irradiated on both 
sides and the fluxes involved.

The net incident radiation flux at a single photocatalytic film in which direct and 
indirect fluxes are contributing can be obtained considering radiation transmission and 
reflection effects on the involved surfaces [19, 26, 43]:

Total LSRPA can then be calculated with the net incident radiation flux at the pho-
tocatalytic film and with the fraction of absorbed radiation in the whole range of useful 
wavelengths:

(26)Af = 1 − Tf − Rf .
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Fig. 3  Schematic representation 
of the incident, transmitted, and 
reflected radiation fluxes at the 
photocatalytic film. Reprinted 
with permission from [27]. 
Copyright 2016 Elsevier
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Figure 5 shows the LSRPA profiles on flat photocatalytic plates made with differ-
ent  CeO2–TiO2 ratios, illuminated on both sides with visible light.

(31)ea,s
(
x
)
=

∑
�

q
�,in

(
x
)
A
�,f

Fig. 4  Schematic representation 
of a multilayer photocatalytic 
wall and the reflected and 
transmitted radiation fluxes. 
Reprinted with permission from 
[19]. Copyright 2016 Wiley–
VCH

Fig. 5  Local surface rate of photon absorption (Einstein  cm−2 s−1) under visible irradiation on flat pho-
tocatalytic plates. Upper row: Ti and 0.025CeTi. Lower row: 0.05CeTi and 0.25CeTi. Reprinted with 
permission from [43]. Copyright 2014 Elsevier
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3.2  Pollutant Degradation Results

For isothermal systems, the modeling of photocatalytic wall reactors includes 
the simultaneous resolution of the momentum, radiation transfer, and mass bal-
ance equations with heterogeneous reactions. The motion equation for Newtonian 
non-compressible fluids with constant properties and laminar flow becomes the 
Navier–Stokes equation. Mass balance equations also include the continuity and 
species conservation equations [28].

These equations can be solved numerically applying commercial computational 
fluid dynamics (CFD) software. CFD has been used to solve different configurations 
and designs of wall reactors, including continuous flat-plate photoreactors [30, 31, 
37, 44, 45], annular photoreactors [44, 46, 47], corrugated-plate photoreactor [23, 
24, 48], continuous multitubular wall photoreactors [36], cylindrical and rectangular 
photoreactors with the photocatalytic wall placed in the bottom [49], and submerged 
photocatalyst-coated plates in tank reactor [50].

As previously mentioned, the set of differential equations solved by CFD mod-
eling at steady state are as follows:

where ρ is the fluid density, v is the velocity vector, P is the pressure, � is the vis-
cous stress tensor, g is the gravitational acceleration, Ci is the molar concentration of 
species i, Ji is the diffusion flux vector for i, and Ri is the homogeneous reaction rate 
of species i. For heterogeneous photocatalytic systems, the homogenous reaction 
rate is normally null.

The boundary condition at the photocatalytic wall for the species conservation equa-
tion can be written as:

Here, ri is the heterogeneous photocatalytic reaction rate of the main (X) or second-
ary (Yi) pollutant, and Di-f is the molecular diffusivity of compound i in the fluid (liquid 
or gas). For the remainder of non-active walls, the mass flux equals zero.

Passalía et al. [23, 24, 48], working with a continuous corrugated-plate photocata-
lytic reactor to treat air contaminated with formaldehyde, applied CFD modeling using 
ANSYS Fluent commercial software. However, the radiation field was solved exter-
nally using a surface lamp emission model and applying a radiation flux balance in the 
catalytic wall and a view factor of the corrugated plate. The resulting LSRPA profile 
is shown in Fig. 6a. The kinetic expression employed, previously derived from a flat-
plate photoreactor [22], has the form of Eq.  (19) in Table 3. It should be noted that 
this mechanistically kinetic approach considers that water vapor acts as a competitor 

(32)Continuity equation: ∇ ⋅

(
�v
)
= 0,

(33)Momentum equation: ∇ ⋅

(
�vv

)
= −∇P + ∇ ⋅

(
�
)
+ �g,

(34)Species i conservation equation: ∇ ⋅

(
�vCi

)
= ∇ ⋅ Ji + Ri,

(35)n ⋅ Ji
|||Acat

= n ⋅
(
−Di−f∇Ci

)|||Acat

= ri
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for the active sites during the adsorption process, but holes are trapped by hydroxyl 
ions instead of water. The motion equation and formaldehyde conservation equation 
were solved with ANSYS Fluent. The resulting velocity profile and the formaldehyde 
concentration gradient in the corrugated-plate photoreactor are presented in Fig. 6b, c, 
respectively. Very good prediction of the experimental formaldehyde conversion was 
found with this modeling method.

Fig. 6  a LSRPA on the corrugated plate (Einstein  m−2  s−1); b contours of velocity (m s−1) in the central 
plane of the reactor; c contours of molar formaldehyde fractions [48]
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In cases of simpler geometries such as continuous annular [46, 51–56] or flat-plate 
[2, 19, 21, 26, 32, 57] wall reactors, Eqs. (32)–(34) can be simplified and solved analyt-
ically or with numerical methods other than CFD. Imoberdorf et al. [51–53] modeled 
different configurations of single- or multi-annular photocatalytic wall reactors (Fig. 7). 
A steady-state two-dimensional axial convection and radial diffusion mass balance for 
the main pollutant X (perchlorethylene, PCE) was proposed for each annular channel j:

with the following boundary conditions corresponding to the inner (r = �jRj ) or 
outer (r = Rj ) photocatalytic wall of the annular channel:

and the following inlet condition for a single-annular or parallel flow multi-annular 
configurations:

(36)vz,j(r)
𝜕CX(z, r)

𝜕z
= DX−f

𝜕

𝜕r

(
r
𝜕CX(z, r)

𝜕r

)
0 < z < ZR; 𝜒jRj < r < Rj,

(37)DX−f

𝜕CX(z, r)

𝜕r

||||r=𝜒jRj

= −rX
(
𝜒jRj, z

)
0 < z < ZR,

(38)DX−f

𝜕CX(z, r)

𝜕r

||||r=Rj

= rX
(
Rj, z

)
0 < z < ZR,

(39)CX(z, r)
||z=0 = Cin

X
𝜒jRj < r < Rj.

Fig. 7  Photocatalytic annular reactors: A single-annular reactor with high residence time; B, C single-
annular reactor with low residence time; D multi-annular parallel flow reactor; E multi-annular series 
flow reactor (each annular channel wall coated with  TiO2 film of uniform thickness); F multi-annular 
series flow reactor (surface rate of photon absorption uniformly distributed on the active surfaces). 
Reprinted with permission from [53]. Copyright 2007 Elsevier
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In the case of a series flow pattern configuration, the average outlet concentra-
tion of the previous annular channel is the inlet condition for the next channel.

Equation  (36) was numerically solved applying the finite difference method, 
whereas the gas velocity profile was solved analytically. The LSRPA on the 
reactor walls was calculated from a surface lamp emission model, considering 
a radiation transmission model on the photocatalytic film and support [2]. The 
heterogeneous surface reaction rate of perchlorethylene (PCE) had been previ-
ously determined in a laboratory-scale, flat-plate photoreactor, and corresponds 
to Eq.  (16) of Table 3. Figure 8 shows PCE radial concentration profiles in the 
single-annular reactors A, B, and C at different axial positions. The evident con-
centration radial gradients indicate the existence of important diffusive resist-
ance under the operating conditions in this study. The reported methodology has 
allowed us to determine that the optimal photoreactor configuration in terms of 
pollutant conversion is the multi-annular series flow reactor.

For continuous wall photoreactors, the plug flow hypothesis is commonly 
applied [19, 21, 26, 32, 46, 56, 58]. Then, the species i conservation equation 
becomes:

where av is the ratio of catalytic area to reactor volume.
Figure 9 shows the predictions of acetaldehyde and formaldehyde outlet con-

centrations versus air flow rate employing the plug flow model in a continuous 
flat-plate wall photoreactor, applying a heterogeneous reaction rate corresponding 
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Fig. 8  Predicted dimensionless PCE concentration radial gradients. (—) z = 0; (– – –) z = 1/3  ZR; (- - -) 
z = 2/3 ZR; (· · ·) z = ZR. Reprinted with permission from [53]. Copyright 2007 Elsevier
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to Eq.  (15). Good correlation is observed between the experimental data and 
model predictions [19].

An important issue in wall photoreactors is the rate of mass transfer of the pollut-
ant from the fluid bulk to the photocatalyst interphase and within the photocatalytic 
film. To determine whether the reaction is kinetically controlled, the external and 
internal mass transfer resistance in the photocatalytic wall should be calculated and 
compared with the observed reaction rate. In gas-phase reactions, the mass transfer 
rate is often higher than the reaction rate, and the reacting system is not limited by 
diffusion [19, 26, 56]. On the other hand, for liquid-phase wall reactors, the pollutant 
diffusion, especially within the photocatalytic film, is slower and must be considered 
in the photoreactor model [27, 59, 60].

4  Slurry Reactors

In this section, various applications of different slurry photocatalytic reactors are 
described. These reactors have been used to obtain the intrinsic kinetics of the pho-
tocatalytic decomposition of toxic organic compounds in aqueous solution, using 
suspended titanium dioxide particles and polychromatic UV–visible radiation.

4.1  Evaluation of Photon Absorption

The LVRPA involved in the reaction rate expressions can be calculated by:

(41)ea(x) =
∫�

�� ∫�=4�

I�(x,�)d�d�,
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Fig. 9  Simulated and experimental outlet concentrations of acetaldehyde and formaldehyde, varying the 
flow rate in a flat-plate photocatalytic wall reactor. Reprinted with permission from [19]. Copyright 2016 
Wiley–VCH
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where κλ is the spectral volumetric absorption coefficient, Iλ the spectral radiation 
intensity, and Ω the solid angle. For example, in the case where a simple radiation 
model can be applied, such as a one-dimensional, one-directional radiation model, 
the LVRPA is calculated as:

Here, μ is the direction cosine of the rays.
It should be highlighted that the main complexity in the evaluation of the radia-

tion field within photocatalytic slurry reactors is the simultaneous existence of radi-
ation absorption and scattering generated by the photocatalyst particles in the aque-
ous suspension. One of the systematic methods that can be used to obtain the spatial 
and directional distribution of Iλ to replace in Eqs. (41) or (42) is the application of 
the radiative transfer equation (RTE) to the heterogeneous reactor [29, 61, 62]:

where s is a linear coordinate along the direction Ω, σλ is the spectral volumetric 
scattering coefficient, and p

�

(
Ω�

→ Ω
)
 is the phase function. To solve this equa-

tion, the optical parameters of the suspension are necessary: �� , �� , and p
�
 . The 

Henyey–Greenstein (H-G) function (pHG,λ) has been employed to calculate the phase 
function [42]:

where g
�
 is the asymmetry factor (dimensionless) and µ0 represents the cosine of the 

angle between the direction of the incident and scattered rays.

4.1.1  Optical Properties

To evaluate the optical properties of the catalyst suspension, the following spectral 
measurements should be performed: (i) absorbance spectrophotometric measure-
ments of  TiO2 suspensions under specially designed conditions to minimize the col-
lection of scattered rays by the detector, and (ii) diffuse reflectance (Rλ) and transmit-
tance (Tλ) of  TiO2 suspensions in a spectroradiometer equipped with an integrating 
sphere attachment. The integrating sphere configurations for these measurements 
are schematically shown in Fig. 10.

From the absorbance measurements (step i), the extinction coefficient �� 
( �� = �� + �� ) can be calculated as �� = 2.303 Absλ/L, where Absλ is the absorbance 
and L the cell path length. After the experimental diffuse measurements (step ii), 
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Fig. 10  Integrating sphere configuration for reflectance and transmittance measurements. Reprinted with 
permission from [63]. Copyright 2005 American Chemical Society
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the RTE can be numerically solved in the spectrophotometer sample cell by apply-
ing a nonlinear optimization program to adjust the RTE predictions to experimental 
data. From the parameters estimation made with the optimization program, one can 
obtain the scattering coefficient �� and the asymmetry factor g

�
 of the phase function 

(Eq. 44). Figure 11 shows the specific optical properties (optical properties per cata-
lyst mass concentration) as a function of wavelength for the Evonik Aeroxide P 25 
 TiO2 catalyst. A similar method was applied by Marugán et al. [64] and Tolosana-
Moranchel et al. [65] to estimate the optical properties of different titanium dioxide 
photocatalysts in aqueous suspension. Details on the spectrophotometric measure-
ments and evaluation of the optical properties can be found elsewhere [63].

4.1.2  Local Volumetric Rate of Photon Absorption (LVRPA)

Rigorous and simplified numerical methods have been proposed to solve the RTE 
in systems with absorption and scattering (Eqs.  41 and 42), and are summarized 
in the classic books by Ozisik [61], Duderstadt and Martin [66], Modest [67], and 
Howell et al. [68], among others. The numerical methods most frequently used to 
calculate the LVRPA in slurry reactors are the discrete ordinate method, the finite 
volume method, and Monte Carlo simulation. Other approaches of greater or lesser 
complexity have also been used for the estimation of the radiant field and the design 
of photocatalytic reactors—for example, the two-flux models for zero [69] and 
greater than zero [70] reflectance, the six-flux model [71–73], and the probabilistic 
approach for dense particulates [74].
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Fig. 12  Spatial distribution of the LVRPA in a bench-scale annular photocatalytic reactor. Reprinted with 
permission from [79]. Copyright 2013 Elsevier
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Briefly, the discrete ordinate method consists in the discretization of the RTE and 
the transformation of the integro-differential equation in a system of algebraic equa-
tions that can be solved numerically. It has been applied in systems with different 
geometries, such as rectangular (with one and two dimensions) or cylindrical (with 
two dimensions), and in radiation fields with various degrees of anisotropy [66]. 
For example, to calculate the ea (x, z) in a flat-plate, bench-scale solar simulator 
for 4-chlorophenol photocatalytic degradation, Satuf et al. [75] applied the discrete 
ordinate method to solve the RTE in a two-dimensional, two-directional rectangular 
coordinate system. On the other hand, to evaluate the ea(r,z) in annular slurry pho-
tocatalytic reactors, Romero et al. [76–78] and Marugán et al. [79] (Fig. 12) utilized 
the discrete ordinate method to solve the RTE in a two-dimensional, two-directional 
cylindrical coordinate system.

When applying the finite volume method [67, 68], the computational domain is 
divided into a number of control volumes, and the solid angle is discretized into a 
number of finite solid angles. The RTE is then integrated over all control volumes 
and angles, and finally, the boundary conditions are used to provide the linear alge-
braic equations necessary to solve the system with an iterative method. Interesting 
applications of this technique to calculate the radiation field in photocatalytic slurry 
reactors have been published by Camera Roda and Santarelli [80], Pareek al. [81], 
Duran et al. [82], and Huang et al. [83].

The Monte Carlo method, in fact, is not based on the discretization of the RTE, but 
consists in performing a simulation of the radiation transfer process inside the com-
puter. Basically, this technique uses randomly generated numbers (Ri) to determine the 
trajectories and fates of the photons entering through the reactor window or, in some 
problems, those emitted by the radiation source as well. Then, by computing the loca-
tions where the photons are absorbed, it is possible to calculate the spatial distribution 
of the photon absorption rate [84–88].

To calculate the LVRPA in a slurry reactor irradiated through one side, Manassero 
et  al. [8] performed a Monte Carlo simulation considering a one-dimensional, one-
directional radiation system. Briefly, the following events were considered in the pho-
ton tracking in the reactor: (1) calculation of the photon direction � at the inner side of 
the reactor window from the radiation emitted from the lamp: sin� = 2R1 − 1 ; (2) 
determination of the length l of the photon flight in the reacting medium without inter-
actions and, consequently, the new location of the photon after traveling that distance: 
l = −

1

��
ln(1 − R2) ; (3) decisions about the fate of the photon: (3a) if the new position 

of the photon lies outside the reactor, the photon is lost and the process is re-initiated; 
(3b) if the photon remains inside the reactor after traveling a distance l, a photon–cata-
lyst particle interaction takes place, and two possibilities may occur: (4a) the photon is 
absorbed according to the value of the albedo ( �� =

��

��
 ): 1 − �� ≥ R3 ; (4b) the photon 

is scattered and a new direction is determined by adopting, for example, the 
Henyey–Greenstein phase function (Eq.  44), where 

cos� =
1

2g�

[
1 + g2

�
−
(

1−g2
�

1+g�(2R4−1)

)2
]
 [87, 88]; (5) if the photon is absorbed, it is stored 

in the corresponding spatial cell and the trajectory ends. The LVRPA in each cell is 
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given by ea(x) =
∑

�

q
�,in

nph�,abs(x)

nph,TΔx
 , where q

�,in
 is the incident radiation flux of wavelength 

λ, nph�,abs(x) represents the number of photons of wavelength λ absorbed in a cell of 
position x, nph,T is the total number of photons considered in the simulation, and Δx is 
the length of the cell. Figure 13 shows simulated LVRPA profiles for different photo-
catalyst concentrations in the slurry reactor. For high catalyst loads, highly nonuniform 
profiles are found, with very high LVRPA values near the irradiated window (x = 0). On 
the contrary, for low catalyst loads, more uniform profiles with low LVRPA values are 
observed.
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Once the ea(x) profile has been obtained, the average LVRPA in the reactor volume 
can be calculated as ⟨ea(x)⟩VR

=
1

LR
∫ x=LR
x=0

ea(x)dx (expression valid for one-dimen-
sional radiation models). The values of ⟨ea(x)⟩VR

 enable one to analyze the effect of the 
catalyst concentration on the total radiation absorption and, consequently, to obtain an 
optimal catalyst concentration from the perspective of radiation absorption. Figure 14 
shows the computed values of the average LVRPA for Aeroxide  TiO2 P 25 as a func-
tion of catalyst concentration.

As shown in the figure, at a  TiO2 concentration of 0.5 g L−1, radiation absorption in 
the reactor reaches some form of saturation, and subsequent increases in catalyst con-
centration do not produce a significant increase in total radiation absorption.

4.2  Pollutant Degradation Results

This section provides an illustrative example of the kinetic study of the photo-
catalytic degradation of a pharmaceutical product, clofibric acid (CA) [8]. The 
formation and subsequent degradation of the primary organic intermediates of 
the reaction, 4-chlorophenol (4-CP) and benzoquinone (BQ), was also analyzed 
in the study. The photocatalytic reaction was carried out in a cylindrical glass 
reactor with two flat windows built with borosilicate ground glass. The experi-
mental system was composed of a halogenated mercury lamp at the focal axis 
of a parabolic reflector as a source of radiation, a storage tank equipped with a 
water-circulating jacket to ensure isothermal conditions, and a peristaltic pump to 
operate the system in batch recirculation and good mixing.

According to the reaction pathway for the CA degradation [89], the following 
was proposed: (i) formation of the reaction intermediates 4-CP and BQ from CA, 
(ii) formation of more BQ from 4-CP, and (iii) degradation of 4-CP and BQ to 
form organic compounds of low molecular weight and, eventually,  CO2,  H2O and 
HCl. Hence, the mass balances and initial conditions for CA, 4-CP, and BQ in 
this well-mixed reactor are:

From the reaction scheme for the CA photocatalytic degradation, the following 
reaction rate expressions can be obtained, which are in accordance with Eq. (4) of 
Table 1:

(45)
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dt
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where αi are intrinsic kinetic parameters of the reaction, and ℑ
[
�1, e

a(x)
]
 is defined 

by:

Once the ea(x) profiles were obtained with the Monte Carlo simulations 
(Fig. 13), the mass balances were solved (Eqs. 45–47) and the estimation of the 
kinetic parameters of Eqs. (48)–(51) was performed. A nonlinear parameter esti-
mator (Levenberg–Marquardt algorithm) was applied to minimize the differences 
between the experimental concentrations and those predicted by the model for the 
main pollutant and the two intermediate compounds.

Using the estimated kinetic parameters, it was first verified that the terms in the 
denominator of Eqs.  (48)–(50) are negligible compared to 1 (kinetic expressions 
equivalent to Eq. (5) in Table 1). The values and units of the remaining six kinetic 
parameters are displayed in Table 4. Figure 15 shows the experimental results and 
those simulated with the six-parameter model of the three organic compounds CA, 
4-CP, and BQ for a mass catalyst concentration of 0.5 g/L. The root-mean-square 
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)
.

Table 4  Estimated kinetic 
parameters. Reprinted with 
permission from [8]. Copyright 
2015 Springer Nature

Parameter Value

α1 (s cm2  Einstein−1) 6.07 × 1011

α2,1 (cm s−1) 5.83 × 10−6

α2,2 (cm s−1) 6.10 × 10−7

α4,1 (cm s−1) 1.41 × 10−6

α4,2 (cm s−1) 7.97 × 10−6

α5 (cm s−1) 4.77 × 10−4

287Reprinted from the journal



 Topics in Current Chemistry (2019) 377:22

1 3

 

error (RMSE) of the predictions was estimated considering the total number of 
experimental runs, and for the main pollutant, the RMSE was 5.9%. Taking into 
account all three organic compounds, the RMSE was 16.6%.

On the other hand, if the function ℑ
[
�1, e

a(x)
]
 (Eq.  51) is analyzed, two limit 

dependencies of the reaction rate with respect to the LVRPA can be obtained [3]: (i) 
for high values of the term �1

av
ea(x) , a square root dependence of the reaction rate 

with LVRPA is found (equivalent to Eq. (7) in Table 1), and (ii) for low values of 
�1

av
ea(x) , a linear dependence of the reaction rate with LVRPA can be demonstrated 

through a Taylor series expansion of the square root function (equivalent to Eq. (9) 
in Table 1). Because of the high value of the kinetic parameter α1 (Table 4), the first 
approximation is assumed, and the number of kinetic parameters is reduced from six 
to five. In this case, each kinetic parameter is modified according to the equation: 
�

�

i
= �i

√
�1

av
 [90]. The RMSE was calculated with the five-parameter model, and the 

new RMSE for the main pollutant was 8.1%. Taking into account all three organic 
compounds with the five-parameter model, the RMSE was 14.4%. These results 
show that the proposed kinetic model can simulate, with acceptable error percent-
ages, the concentrations of the three organic compounds as a function of time in the 
slurry photocatalytic reactor.

5  Fixed‑Bed Reactors

The main drawback of reactors with immobilized catalyst, such as wall reactors, is 
the low surface area-to-volume ratio, which can lead to mass transfer limitations and 
low reaction rates, especially in aqueous-phase reactions. A possible alternative to 
overcome these disadvantages is the use of fixed-bed reactors, where the catalyst is 

Fig. 15  Experimental and predicted concentrations of CA, 4-CP, and BQ vs. time for 100% irradiation. 
Experimental data: ( ) CA; ( ) 4-CP; ( ) BQ. Model results: solid lines. CTiO2= 0.5 g  L−1. Reprinted 
with permission from [8]. Copyright 2015 Springer Nature
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supported on an inert material employed to fill the reactor volume. This configura-
tion can reduce diffusion limitations by improving the mixing of reactants. Addition-
ally, it can provide higher photocatalytic surface area and more uniform radiation 
distribution inside the reactor. Typical catalyst supports reported in the literature 
include glass beads [91–96], quartz wool [97, 98], foams [99–101], and glass rings 
[102–105].

5.1  Evaluation of Photon Absorption

In fixed-bed photocatalytic reactors, a thin layer of catalyst is immobilized on the 
surface of the filling material. Therefore, it is appropriate to refer to the photon 
absorption rate per unit area of irradiated catalyst-coated surface, and calculate the 
LSRPA to assess radiation absorption inside the reactors. Because of the inherent 
differences in the filling (nature of the material, shape, size, packing, surface-to-vol-
ume ratio, etc.), it is not possible to develop a radiation model valid for every fixed-
bed reactor [97].

Various one-, two-, and three-dimensional models with different degrees of sim-
plification have been reported for the assessment of radiation distribution in this type 
of reactor. Most of them employed the Monte Carlo method to obtain the numeri-
cal solution of the models. Monte Carlo simulations inside fixed-bed reactors basi-
cally consider that photons travel with a linear trajectory in the aqueous or gas phase 
until they reach an element of the filling, or the reactor walls. Those photons that 
reach the filling can be absorbed by the catalyst film, reflected, or transmitted. The 
absorbed photons are stored in a spatial cell, the trajectory ends, and a new photon 
bundle is considered. On the other hand, if the photons are reflected, the new direc-
tion is determined by considering a reflection model (the simplest model considers 

Fig. 16  Geometry of the photo-
catalytic reactor: (1) UV lamps; 
(2) borosilicate windows; (3) 
aluminum rod with rubber seal 
gaskets; (4)  TiO2-coated quartz 
wool. Reprinted with permission 
from [97]. Copyright 2010 John 
Wiley & Sons
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specular reflection [91]). Those photons that are transmitted through a filling ele-
ment may interact with other elements, until they are absorbed or they reach the 
reactor walls.

To compute the LSRPA, information regarding the radiation flux incident at the 
reactor windows and the optical properties of the coated filling material is needed. 
As stated for the other reactor configurations in previous sections, the incident 
radiation flux can be determined experimentally or through lamp emission (or solar 
emission) models. The absorption properties of the coated filling material can be 
assessed experimentally, as described in Sect. 3.1.2 for wall reactors, or by empiri-
cal correlations [97]. To compute the reflection of the photons at the coated sur-
face, different models can be adopted, taking into account the characteristics of the 
materials, especially the surface roughness. Diffuse reflection and specular reflection 
models have been frequently applied.

Changrani and Raupp [99] used Monte Carlo simulations to solve a three-dimen-
sional radiation model in an annular reactor filled with  TiO2-coated reticulated foam. 
Two approaches were used to determine the photon flight length inside the reactor: 
(1) a “spatial” approach that tracks the flight of a photon in a predetermined reticu-
late structure; (2) a “temporal” approach that generates the random porous structure 
of the reticulate as the photon flies into it. Although both approaches rendered simi-
lar results, the latter was more efficient in terms of computational effort.

In a study reported by Imoberdorf et  al. [97], the three-dimensional radiation 
field of a planar reactor filled with  TiO2-coated quartz wool was modeled using the 
Monte Carlo method (Fig.  16). The model was experimentally validated, and the 
effect of different design variables on the radiative energy distribution inside the 
reactor was analyzed. Figure 17a, b shows the effect of the  TiO2 loading and quartz 
wool loading on the LSRPA profiles.

Loddo et  al. [92] proposed a one-dimensional radiation field in an annular 
reactor with packed  TiO2-coated beads. Monte Carlo simulations were carried out 
to obtain the radiation distribution inside the reactor. More recently, Manassero 
et al. [105] employed the Monte Carlo method to solve a one-dimensional radia-
tion model in a fixed-bed reactor filled with  TiO2-coated rings. The reactor was 
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Fig. 17  LSRPA profiles corresponding to variation in the mass of a immobilized  TiO2; b quartz wool. 
Reprinted with permission from [97]. Copyright 2010 John Wiley & Sons
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cylindrical, irradiated from one side through a circular flat window with a UV 
lamp, as schematically shown in Fig.  18a. The profiles of the absorbed radia-
tion in the fixed-bed reactor for different numbers of  TiO2 coatings over the glass 
rings are depicted in Fig.  18b. The LSRPA increases with the number of  TiO2 
coatings, being more significant near the reactor window (x = 0).

Additionally, various authors have proposed pseudo-homogeneous models to 
evaluate the photon distribution inside fixed-bed reactors with different filling 
materials, in which the RTE [102] or the Helmholtz equation [94] were solved 
numerically.

5.2  Pollutant Degradation Results

As stated in Sect. 1, in order to simulate the degradation of chemical compounds in 
photocatalytic reactors, fluid dynamics and reaction kinetics must be combined with 
the balance of radiant energy in the conservation equation of the species considered. 
Mass transfer limitations should always be evaluated. If diffusive resistance is sig-
nificant, mass transfer coefficients must be included in the corresponding equations. 
Finally, mass balance equations are solved numerically, generally by the finite differ-
ence method.

A variety of fluid dynamic models and reaction rate expressions have been 
reported, depending on the reactor configuration, operation, and type of filling mate-
rial. Some examples are given in this section.

Two distinct approaches can be adopted to set mass balance equations in fixed-
bed reactors: pseudo-homogeneous (where the reaction rate is considered to take 
place in the whole reaction volume) or heterogeneous (considering the reaction rate 
as a boundary condition of the mass balance equation).

Changrani and Raupp [100] presented a two-dimensional heterogeneous convec-
tion-reaction model for a gas–solid annular photocatalytic reactor. The catalyst was 
supported on a reticulated foam structure. Mass balances for individual species were 
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Fig. 18  a Schematic representation of the fixed-bed reactor with glass rings; b LSRPA profiles in the 
reactor corresponding to rings with different numbers of  TiO2 coatings: 1 coating (—), 3 coatings (- - -), 
and 5 coatings (· · ·). Reprinted with permission from [105]. Copyright 2017 Springer Nature
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coupled through the reaction rate expression that appeared in the boundary condi-
tion at the fluid–solid interface. The heterogeneous reaction rate was modeled using 
semiempirical Langmuir–Hinshelwood–Hougen–Watson (LHHW) kinetics. Alexi-
adis et al. [102] modeled an annular fixed-bed reactor with an axial cylindrical UV 
lamp. The photocatalyst  (TiO2) was supported on quartz rings. The hydrodynamic 
model assumes convection in the axial direction with radial dispersion. The reaction 
is considered to take place only on the external surface of the catalyst, and exter-
nal mass transfer limitations are taken into account. A complex kinetic expression 
based on a detailed reaction mechanism was employed. Vella et al. [98] assumed a 
differential reactor operation and kinetic control regime to simulate the degradation 
of formic acid in a  TiO2-quartz wool-packed bed reactor with recycle. The reaction 
rate equation was derived from a plausible mechanistic scheme, arriving at a kinetic 
expression with the form of Eq. (4) in Table 1, in which hydroxyl radical attack was 
considered to be the main degradation route. Cloteaux et al. [104] employed a plug 
flow model with axial dispersion, a Langmuir–Hinshelwood kinetic expression, and 
an external mass transfer coefficient to model the degradation of formaldehyde in 
a fixed-bed reactor with  TiO2-coated Raschig rings. Vaiano et  al. [94] modeled a 
flat-plate continuous reactor with N-doped  TiO2 immobilized on glass spheres. They 
developed a reactor model considering plug flow behavior inside the packed bed, 
without considering external mass transfer phenomena. A Langmuir–Hinshelwood 
type of kinetic equation was used to model the degradation of methylene blue. Claes 
et al. [96] assumed apparent first-order kinetics and ideal plug flow reactor model to 
estimate the kinetic constant for the degradation of methylene blue in a rectangular 
reactor filled with  TiO2-coated glass beads.

Manassero et  al. [105] simulated the degradation of the water pollutant clofibric 
acid (CA) in a packed-bed batch reactor with recycle. The reactor was filled with 
 TiO2-coated rings. Reaction rate expressions representing the degradation of CA and 
the main reaction intermediates were mechanistically derived, and took the form of 
Eq. (5) in Table 1. Simulated and experimental concentrations of CA and 4-CP using 
glass rings with different numbers of  TiO2 coatings are shown in Fig. 19.
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Fig. 19  Photocatalytic degradation of CA using glass rings with different numbers of  TiO2 coatings. 
Symbols: experimental concentrations (□ = CA; ○ = 4-CP); solid lines: model simulations. a 1 coating, 
b 5 coatings. Reprinted with permission from [105]. Copyright 2017 Springer Nature
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6  Photocatalytic Efficiency

6.1  Definitions

Reporting photocatalytic conversion or reaction rate data without a reference on ener-
getic efficiency does not allow for objective comparison among different experiments. 
Efficiency parameters are essential for determining reactor performance and comparing 
different operating conditions or reactor configurations [62]. In this sense, the global 
efficiency parameter �T can be defined, for electrical-energy-driven systems, as the ratio 
of the number of pollutant molecules decomposed to the electrical power (P) required 
to operate the radiation source:

One interesting approach considers �T as the product of individual efficiencies, each 
amenable to quantitative measurement, analysis, and optimization [106, 107]:

where �ele , the electrical efficiency, refers to the capacity of the radiation source to 
transform electrical energy into radiant energy (photons); �inc , the incidence effi-
ciency, is the ratio between the photons that arrive at the reactor window to the pho-
tons supplied by the radiation source; �abs , the radiation absorption efficiency, is 
defined as the ratio of the number of absorbed photons to the total number of inci-
dent photons. This parameter strongly depends on the optical properties of the cata-
lyst. Finally, �rxn is the reaction efficiency, also called quantum efficiency. It relates 
the moles of pollutant degraded per mol of photons absorbed by the catalyst. For 
solar-energy-driven systems, the global efficiency reduces to:

It is important to note that both �inc and �abs are parameters related to the char-
acteristics of the reactor and photocatalyst, and depend neither on the reaction tak-
ing place nor on the chosen operating conditions. On the contrary, the value of �rxn 
depends on both the specific reaction taking place and the photocatalyst used, and it 
is strongly affected by the reactor operating conditions [108].

One of the most frequently reported parameters in the scientific literature is the 
photonic efficiency �ph , which relates the moles of reactant molecules degraded per 
mol of incident photons. �ph can be expressed in terms of the previously defined effi-
ciencies as [108, 109]:

The electrical energy per order (EE/O) is another parameter used to evaluate the 
efficiency of water or air treatment processes, and is especially useful for comparing 
the costs of different systems for industrial applications. The EE/O is the electrical 
energy in kilowatt-hours required to degrade a contaminant by one order of magni-
tude in a unit volume of contaminated water or air [110].

(52)�T =
observed reaction rate

P
.

(53)�T = �ele�inc�abs�rxn,

(54)�T = �inc�abs�rxn.

(55)�ph = �abs�rxn
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Self-defined photoreactor performance parameters have also been reported 
in the scientific literature. Serrano and de Lasa [111] proposed the photocatalytic 
thermodynamic efficiency factor (PTFE) based on thermodynamic considerations. 
The PTFE is the ratio of the energy used for the formation of hydroxyl radicals to 
the energy absorbed by the catalyst [62, 112]. Li et al. [113] compared the perfor-
mance of suspended and immobilized systems based on a ratio between initial reac-
tion rates. More recently, Leblebici et al. [114] compared 12 photocatalytic reactor 
designs with a new benchmark measure, the photocatalytic space–time yield.

6.2  Photonic and Quantum Efficiency for Comparison Purposes

�ph , which relates the photocatalytic reaction rate with the rate of incident radiation, 
can be expressed according to:

For suspended systems, �ph can be written as:

where 
⟨
rv
X

(
x, t0

)⟩
VR

 is the initial volumetric reaction rate of pollutant X degradation 
averaged over the reactor volume VR, and 

⟨
qw

(
x
)⟩

Aw

 represents the incident radia-
tion flux averaged over the reactor window area, Aw . Similarly, for immobilized sys-
tems, the photonic efficiency can be calculated as:

where 
⟨
rX
(
x, t0

)⟩
Acat

 is the initial surface reaction rate averaged over the catalytic 
area Acat.

On the other hand, the quantum efficiency parameter relates the photocatalytic 
reaction rate with the radiation absorption rate:

In slurry reactors, where radiation absorption occurs in the whole reactor volume, 
�rxn can be expressed as:

where 
⟨
ea
(
x
)⟩

VR

 represents the LVRPA averaged over the reactor volume VR.
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In reactors with the catalyst immobilized over a surface, �rxn takes the following 
form:

In this case, 
⟨
ea,s

(
x
)⟩

Acat
 represents the LSRPA averaged over Acat.

In photocatalytic studies, the photonic efficiency is more frequently reported 
than the reaction efficiency, probably because it is much simpler to calculate, but 
its usefulness is under discussion [109]. The incident radiation flux can be evalu-
ated straightforwardly. On the contrary, calculation of the fraction of energy effec-
tively absorbed by the catalyst involves the measurement of the optical properties of 
the absorbing material and the resolution of radiation models, taking into account 
the phenomena of absorption, reflection, and scattering of radiation by the catalyst. 
Considering that only the absorbed photons are employed in photocatalytic reac-
tions, the reaction efficiency is more appropriate for evaluating the performance of 
photocatalytic systems. Therefore, �ph can only be considered as the lower limit of 
�rxn [115].

Efficiency parameters that consider the fraction of absorbed energy ( �abs and �rxn ) 
are particularly important for comparing catalytic materials with different absorp-
tion properties, as in the case of visible light active catalysts. To illustrate this 
topic, Table 5 shows the values of efficiency parameters reported in [116] for the 
degradation of bisphenol A (BPA) in a slurry reactor under UV–visible radiation 
(350–550 nm). The comparison is made between two commercial catalysts, Aerox-
ide  TiO2 P 25 and Kronos vlp 7000 carbon-doped  TiO2, which exhibits absorption 
in the visible region.

The values of �ph for the two catalysts are very similar, 0.14% and 0.15% 
for Aeroxide P 25 and Kronos vlp 7000, respectively. Nevertheless, radiation 
absorption is significantly higher for Kronos. Therefore, Kronos renders a lower 
value for �rxn of 0.17%, versus 0.20% for Aeroxide P 25. This analysis reveals 

(61)�immob
rxn

=

⟨
rX
(
x, t0

)⟩
Acat⟨

ea,s
(
x
)⟩

Acat

Table 5  Efficiency for Aeroxide P 25 and Kronos vlp 7000  TiO2 in the degradation of BPA in a slurry 
reactor under UV–vis radiation

Catalyst �abs (%) �rxn (%) �ph (%)

Aeroxide  TiO2 P 25 67.9 0.20 0.14
Kronos vlp 7000  TiO2 84.7 0.17 0.15

Table 6  Efficiency comparison 
between FFR and FBR. 
Reprinted with permission from 
[118]. Copyright 2017 Elsevier

Reactor Reaction 
rate × 109 
(mol s−1)

Photon absorption 
rate × 108 (Einstein 
 s−1)

�ph (%) �rxn (%)

FFR 1.9 9.4 0.64 2.02
FBR 1.6 5.4 0.54 2.96
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that Kronos has good absorption properties, but the absorbed radiation is not 
efficiently employed to convert the molecules of BPA. Aeroxide P 25 absorbs 
less radiation, but this energy is more efficiently used to degrade the pollutant. 
The comparison among these figures reveals that the challenge lies not only in 
improving the light absorption of the doped catalyst, but also in developing a 
material that can more efficiently use the harvested energy. It should be stressed 
that the performance of a photocatalyst for the degradation of a particular com-
pound cannot be extrapolated to substrates of a different chemical structure [117], 
and that the former analysis is valid under the operating conditions of the study.

Another example that illustrates the convenience of calculating efficiency 
parameters to compare reactors with different configurations is presented in 
Table 6 (data extracted from [118]). A fixed-film reactor (FFR) (or wall reactor) 
with  TiO2 immobilized onto the reactor window is compared with a fixed-bed 
reactor (FBR) filled with  TiO2-coated glass rings. The degradation of the model 
pollutant clofibric acid in water was evaluated under artificial UV radiation. The 
same experimental setup was employed in both systems.

Under the same incident radiation, the FBR renders a reaction rate value about 
15% lower than the FFR. Consequently, �ph is also 15% lower for the FBR. Never-
theless, the value of the photon absorption rate in the FBR is much lower (almost 
50%) than the value obtained in the FFR. Therefore, the quantum efficiency of 
the FBR is 1.5 times higher. This analysis indicates that the absorbed radiation is 
lower in the FBR but it is more efficiently employed for the degradation reaction. 
Hence, a possible strategy for increasing the reaction rate in the FBR would be 
to increase the number of  TiO2 coatings over the glass rings, and thus improve 
radiation absorption in this type of reactor.

7  Conclusions

This review presents a methodology for the modeling of photocatalytic reactors 
for chemical pollution abatement in water and air. The photocatalytic degradation 
of model pollutants in three of the most widely used reactor configurations has 
been analyzed: wall reactors with the catalyst immobilized onto the reactor win-
dow, slurry reactors with suspended catalyst particles in aqueous suspension, and 
fixed-bed reactors filled with catalyst-coated filling material.

The evaluation of the local absorption rate of photons inside the reactors is 
fundamental for estimating the reaction rate of the electron–hole generation and 
obtaining the intrinsic kinetics of the photocatalytic process. Additionally, the 
analysis of the absorbed radiation is essential to understanding the phenomena 
occurring in photocatalytic reactors and for making improvements in the reactors 
design, the absorption properties of catalytic materials, and the operating condi-
tions of the processes.

From the results reported, it can be concluded that the proposed methodology 
has proven to be adequate to simulate the performance of photocatalytic reactors 
of different types, shapes, sizes, and configurations.
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