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To address the increasingly serious problem of water pollution, photoelectrocatalysis (PEC), one of the
advanced oxidation processes (AOPs), has gained significant attention due to its ability to utilize sunlight
and its low energy consumption. In PECs, TiO, is the most widely used and established photoanode;
however, non-TiO,-based photoanodes have increasingly become a focus for improving visible light
utilization and meeting the requirements of specific reactions. The performance of these non-TiO,-based
photoanodes in wastewater treatment varies based on different synthesis strategies and structures.
Therefore, this paper critically reviews the synthesis, evaluation and characterization methods of non-
TiO,-based photoanodes used in wastewater treatment. Specifically, it reveals the application potential of
various non-TiO,-based photoanodes (such as WOs, ZnO, g-C3sN,4, and BiVO,), compares the costs and
electrode stability of different synthesis methods from a practical application-oriented perspective,
elucidates the synthesis—structure—mechanism-activity relationship, proposes an evaluation framework
for PEC wastewater treatment based on multiple dimensions (including pollutant removal, electrode sta-
bility, light utilization efficiency, and environmental applicability), and introduces frontier theoretical simu-

Received 8th March 2025, lations and characterization techniques of PEC wastewater treatment in depth according to the reaction
Accepted 28th May 2025 process. Finally, an outlook on the preparation, evaluation and characterization of non-TiO,-based
DOI: 10.1039/d5ey00068h photoanodes is proposed, covering perspectives from the atomic level to large-scale applications. This

work aims to provide a comprehensive understanding of these 'rising stars’ and guide the synthesis of
rsc.li/eescatalysis photoanodes with enhanced performance, as well as more accurate evaluation and characterization.

Broader context

Photocatalysis is an innovative technique for addressing energy and environmental challenges, leveraging sunlight to generate green energy and facilitate the
removal of pollutants. Nevertheless, conventional photocatalytic processes utilizing powdered semiconductors encounter significant limitations, such as the
recombination of photogenerated charges and challenges in recycling, which impede their practical applications. In contrast, photoelectrocatalysis (PEC),
which integrates photocatalysis with an externally applied electric field, presents a promising strategy to these challenges and has garnered considerable
attention in the fields of energy production and pollutant remediation. Although TiO, remains the most extensively studied photocatalyst, recent advancements
have led to the development of non-TiO,-based photoanodes, which exhibit substantial potential for PEC wastewater treatment. This review summarizes
progress in non-TiO,-based photoanodes, comparing their stability and cost across preparation strategies. It summarizes the evaluation frameworks for
photoelectrodes in wastewater treatment and provides novel insights. Furthermore, it introduces characterization techniques for each PEC step and analyzes
the synthesis-structure-mechanism-activity relationship. Finally, prospects, challenges, and opportunities from atomic to large-scale synthesis and
characterization are discussed. By providing a comprehensive understanding of these materials, this review aims to guide the synthesis of photoelectrodes
for environmental applications and enhance the mechanistic understanding of PEC processes.
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1. Introduction

Water pollution is closely related to human health and is one of
the most concerning issues in the world. To tackle this issue,
more and more wastewater treatment techniques have been
used. However, when treating recalcitrant organics, biotechnol-
ogy is limited and needs a large area to operate™” while physical
methods can’t completely remove pollutants, causing secondary
pollution.® Advanced oxidation processes (AOPs) can efficiently
remove pollutants and even mineralize them, showing promis-
ing application potential.»> AOPs include ultraviolet (UV)-based
technologies,® O5-based technologies,” Fenton process,® electro-
chemical advanced oxidation processes (EAOPs),’ photocataly-
sis (PC) process'®'! etc., among which photocatalysis can work
under sunlight, showing promise for solving environmental
problems and alleviating energy stress at the same time. How-
ever, there are still many problems in PC, which limit its
practical applications. For instance, photo-generated holes (h")
and electrons (e”) are easy to combine, thus decreasing the
quantum yield of photocatalysts.'*> What’s more, photocatalysts
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are usually dispersed in solution, and they are difficult to
separate from treated water."®

To improve charge carriers’ separation efficiency and reusa-
bility, photoelectrocatalysis (PEC), the combination of PC and
electrocatalysis (EC), is proposed. The photocatalysts are immo-
bilized on conductive substrates; thus, the prepared photoelec-
trode can be easily cycled, and e -h" pairs are more likely to
separate after applying an electric field."* Compared with
photocathodes, photoanodes are more popularly used in waste-
water treatment because h' accumulating at their surface can
oxidize organic pollutants directly or indirectly.'® Fig. 1 illus-
trates literature statistics on photoanodes since 2000. In Fig. 1a,
it can be seen that TiO,-based photoanodes have been the most
studied photoanodes since the beginning of this century. How-
ever, the research proportion of non-TiO,-based photoanodes
has increased in recent years, which has increased from less
than 20% before 2015 to more than half recently. On the one
hand, non-TiO,-based photocatalysts have different band posi-
tions compared with TiO,, which can meet the requirements
of different reactions. For example, BiVO,, WO;, and their
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Fig. 1 Bibliometric study on photoanodes used for wastewater treatment: (a) comparison of the number of publications between TiO,-based
photoanodes and non-TiO,-based photoanodes in different periods. (b) Comparison of the number of publications between eight main non-TiO,-
based photoanodes. Data from 2000 to April 2025, according to the Web of Science database. Keywords: (wastewater OR pollutant) AND (photoanode
OR photoelectrocatalysis OR photoelectrocatalytic) NOT (“water oxidation” OR “water splitting”).

composites are more suitable as photoanodes in the PEC-
chlorine (PEC-CI) system."® On the other hand, many non-
TiO,-based photoanodes offer unique advantages. For example,
2-C3N, is a metal-free polymer that exhibits visible-light-driven
photocatalytic activity and high stability.’” It shows significant
potential in future clean energy production and environmental
compatibility. In the field of wastewater treatment, the eight
most prominent non-TiO,-based photoanodes are shown in
Fig. 1b, with WO3, ZnO, g-C;N,, and BiVO, leading the way.
The preparation methods of these photoanodes are also
different; some catalysts (WO;, BiVO,, etc.) can directly grow
on substrates, while some photoanodes (g-C;N,, for example)
have to be prepared by ex situ methods. Some synthesis
methods are operated at room temperature and atmospheric
pressure (e.g., successive ionic layer adsorption and reaction
(SILAR)'®), while some require special equipment, even high
temperature and pressure (e.g., hydrothermal method'®). Dif-
ferent synthesis strategies result in electrodes with different
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structures and hence different activities, so synthesis methods
need to be summarized and compared. However, in previous
reviews,”>*! synthesis methods of photoanodes are briefly
introduced (e.g., their operations, advantages, and disadvan-
tages), while the comparison of products (pollutant removal
efficiency, stability, cost, etc.) is not conducted, and the synth-
esis—activity relationship is not revealed.

Moreover, to reveal the structure-activity relationship, light-
matter interaction, and photocatalyst-pollutant interaction,
sufficient evaluation and characterization should be carried
out. The mechanism of PEC processes needs to be deeply
21724 when discuss-

understood. However, in previous reviews,
ing characterization techniques, they are usually divided into
characterization of morphology (scanning electron microscopy
(SEM), transmission electron microscopy (TEM), etc.), chemical
composition (X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) spectra, etc.), and photoelectric properties
(photoluminescence

(PL) spectroscopy, UV/vis diffuse
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reflectance spectroscopy (UV-vis DRS), etc.). The relationship
between the photoanodes and pollutant removal has not been
thoroughly summarized. What’s more, in recent years, in situ
XPS, in situ infrared, density functional theory (DFT) calcula-
tion, computational fluid dynamics (CFD) simulation, etc. have
gradually emerged to characterize the morphology, composi-
tion, and reaction mechanism of non-TiO,-based photoanodes.
Therefore, an in-depth summary of existing and latest charac-
terization techniques is needed.

Herein, this review compares and concludes the synthesis
methods, evaluation systems, and characterization techniques of
non-TiO,-based photoanodes for wastewater treatment. First, the
fundamentals of PEC wastewater treatment are explained, and
based on an analysis of the literature, the application trends of
non-TiO,-based photoanodes are presented. Subsequently, the
main synthesis methods for non-TiO,-based photoanodes are
summarized and compared. Next, the evaluation of PEC waste-
water treatment at the practical application level is presented, and
the main techniques for characterizing non-TiO,-based photoa-
nodes are described in depth from the PEC reaction process.
Finally, an outlook on the preparation, evaluation, and character-
ization of non-TiO,-based photoanodes is proposed based on the
perspective from the atomic level to large-scale applications. This
review innovatively summarizes the impact of electrode synthesis
on electrode structure and performance, systematically compares
diverse synthesis strategies from the perspectives of product
stability and cost-effectiveness, and highlights cutting-edge experi-
mental and theoretical approaches for characterizing PEC waste-
water treatment processes. We hope this review will inspire
interested readers in the synthesis of superior photoanodes for
wastewater treatment and in-depth characterization of them.

2. Fundamentals of PEC wastewater
treatment

The PEC wastewater treatment process can be divided into
three steps: light absorption and exciton excitation, separation
and transport of carriers, and interface reaction.'® The relation-
ship between the three steps is shown in Scheme 1. Due to the
difference between the Fermi energy level of the photoanode
and the redox potential of the solution, electron transfer occurs
at the interface between the semiconductor and the solution,
forming an energy band bending and space charge layer (SCL)
on the surface.” In step one, when the energy of absorbed light
is higher than the bandgap energy (E,), e in the valence band
(VB) transit to the conduction band (CB), causing h"* to be left in
the VB.' In this step, the e~ and h* generated in the bulk
phase, if not effectively separated, will quickly recombine®® (as
demonstrated by the dashed arrows in Scheme 1, including
bulk-phase recombination, SCL recombination, and surface-
state recombination), and can’t participate in the pollutant
degradation reaction. In the second step, the simultaneous
presence of light and anode bias leads to a more pronounced
energy band bending, which favors the separation of photo-
generated carriers.”> Within the SCL, h* move towards the

924 | EES Catal.,, 2025, 3, 921-942
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O H,O or oxidant

Surface state & Pollutant

Scheme 1 Schematic diagram of the process around the photoanode for
PEC wastewater treatment (n-type semiconductor as an example). CE:
counter electrode, RE: reference electrode, WE: working electrode, Ec:
conduction band potential, Er: Fermi energy level, Ey: valence band
potential, SCL: space charge layer, ROS: reactive oxygen species.

electrode surface, while e~ migrate to the cathode via an
external circuit. In the interfacial reaction in the third step,
the accumulated h* may oxidize the contaminant directly, or
they may oxidize water or other oxidants to generate reactive
species with strong oxidizing properties.'® The type of oxidation
reaction that occurs depends on the catalyst’s CB and VB
potentials, the electrode bias, and the mass transfer of the
contaminant. Throughout the process, the lifetimes of elec-
trons and holes in the bulk phase are only picoseconds to
nanoseconds, whereas the reactions to degrade pollutants are
on the timescale of milliseconds to seconds, suggesting that the
kinetics of carriers within the photoanode are very critical.?”
The selection of photoanode materials and different synthesis
methods may affect carrier migration and redox reaction
kinetics, which in turn affect the pollutant removal efficiency.
Therefore, a summary of photoanode synthesis methods and
characterization of the PEC process is essential for understand-
ing and breaking through the barriers to pollutant degradation
kinetics.

3. Application trend of non-TiO, based
photoanodes in PEC water treatment

The energy band structures of the eight most common non-
TiO,-based photoanodes are shown in Fig. 2a, in which MoS,
and Cu,O are p-type semiconductors and the others are n-type
semiconductors. Metrological analysis of the retrieved litera-
ture reveals the research hotspots and trends of non-TiO,-based
photoanodes in the field of wastewater treatment. The results
show that compared with TiO,-based photoanodes, the two
most obvious application trends in non-TiO, photoanodes are
as follows: one is that the proportion of the literature with ““fuel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) The band structures of eight main non-TiO,-based photoanodes. Data from ref. 33-36. (b) Bibliometric analysis of TiO, and the five most

frequently used non-TiO,-based photoanodes. (Counting the keywords in the titles of the literature, filtering out words like ‘and’, ‘of’, ‘degradation’, and
‘photoanode’ that do not reflect the key information, and the most significant remaining keywords are “fuel cell”, “visible-light”, and the proportion of the
literature containing these keywords to the total literature was calculated.) (c) The schematic of two types of PFCs with non-TiO,-based photoanodes. (d)
A schematic diagram of the possible sources of RCS generation in the PEC-Cl system.>*

cell” and “electricity” as keywords is higher than that with
TiO,, which is represented by ZnO and WOj3; another is that the
proportion of “visible-light”” as the keyword is also significantly
higher than that with TiO, as the keyword, represented by WO3,
2-C3Ny, BiVO,, and o-Fe,O;.

A photocatalytic fuel cell (PFC) is a special PEC water
treatment system. The non-TiO,-based photoanode can be
combined with a photocathode (type 1) or a cathode without
light response (type 2) to form a PFC (Fig. 2c). It relies on the
photovoltage generated by the photoelectrode after illumina-
tion to drive the reaction without external bias.”® The theore-
tical maximum value of the photovoltage between the two
electrodes depends on the Fermi energy level difference
between the electrodes, so it is necessary to select the appro-
priate anode and cathode.” In the photoanode-photocathode
system, under light illumination, the photoanode undergoes
energy band bending (upward) near the surface of the solution,
and e~ migrate towards the cathode, while h" accumulate on
the surface of the photoanode, and oxidation reactions take
place.*® The photocathode undergoes downward energy band
bending, which facilitates the aggregation of electrons towards
the cathode for reduction reactions to occur at its surface.
Contaminants can be oxidized at the anode, and electrons
gathered at the cathode may undergo a variety of reduction
reactions, depending on the electrode material and the redox
potential. Wang et al.®' used oxygen vacancy-rich BiVO, as a
photoanode, Pt/C cocatalyst-coated Si as a photocathode, and
the pollutant triethanolamine as “fuel” to construct a PFC
system for the simultaneous degradation of pollutants and

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrogen production, which can achieve bias-free H, produc-
tion with a current density of 10.17 mA ecm™>. Dong et al.**
constructed an artificial leaf with simultaneous H,0, produc-
tion at the cathode and anode using SnO,_,/BiVO,/WO; as a
photoanode and Mo-SACs/mrG as a cathode without the need
for applied voltage, achieving an unassisted H,0, production
rate of 0.77 pmol (min~" cm™?) under 1 sun AM 1.5 illumina-
tion. The most obvious advantage of a PFC is that it can
generate electricity while degrading pollutants, making it a
promising technology to address the environmental and energy
crisis.

One of the key issues in PEC wastewater treatment is the use
of light, with only 5% of sunlight being the most energetic UV
light and 43% being visible light.'"® Semiconductors possessing
too high a bandgap energy can only utilize UV light, as can be
seen in Fig. 2a, where all photoanode materials except ZnO have
smaller bandgap energies compared with TiO, (~ 3.2 eV). This is
why all photoanodes except for TiO, and ZnO have been reported
in such a high percentage of visible-light studies. However, most
of the current studies on ‘“visible light PECs” use simulated
sunlight, and the use of actual sunlight for pollutant degradation
needs to be taken seriously. Sun et al.*” studied a MgO/g-C5N, S-
scheme heterojunction photoanode, which showed superior
visible light utilization prospects. This anode was combined
with modified carbon felt to construct a new PEC system. In
the actual PEC degradation experiment under sunlight, 98.12%
of tetracycline was removed within 30 min. Xie et al.*® synthe-
sized a BiVO,-decorated WO; photoanode, which was combined
with an electrodeposited polyaniline-decorated carbon fiber

EES Catal., 2025, 3, 921-942 | 925
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cathode to construct a solar-driven wastewater resuscitation system.
The system was operated under natural sunlight and achieved
99.1% uranium reduction and 98.4% oxytetracycline hydrochloride
removal, showing superior practical application potential.

It is noteworthy that for non-TiO,-based photoanodes, the
keyword ‘“ammonia” also appears more frequently in WO; and
BiVO, due to the increasing application of PEC-CI systems in the
treatment of ammonia-containing wastewater. The active chlor-
ine species (RCS) have obvious advantages over *OH in the
treatment of NH;-N,*® so the core of PEC-CI is the formation
of RCS (Fig. 2d). The selection of photoanode materials is
extremely critical in controlling the generation of RCS and
inhibiting the generation of toxic chlorine-containing by-
products. The valence band potential of some photoanodes
(e.g., Fe,0; and g-C;N,) is not sufficient to oxidize Cl~, and
therefore, they are not suitable as photoanode materials (see
Fig. 2a). Some photoanodes have too large a bandgap and
require UV excitation (e.g., ZnO), which are also not suitable as
photoanode materials. Therefore, BiVO,, WO3, and their compo-
sites are most often considered for PEC-CL.** It has also been
shown by some researchers that too much oxidizing capacity of
the valence band generates more *OH, which is detrimental to
the generation of RCS. For example, Zhang et al.*® reported a
self-driven PEC-Cl system with a BiVO,/WO; heterojunction
photoanode. In order to control toxic chlorate and nitrate caused
by the excessive oxidation capacity of *OH, they realized the
predominant production of Cl* by regulating the valence band
edge of WO; through modifying BiVO,. The results showed that
10 mg L~ ' ammonia-N was completely removed in 120 min, and
toxic byproducts chlorate and nitrate were inhibited by 79.3%
and 31%, respectively, compared to the WO; photoanode. The
PEC-CI system has also demonstrated potential in addressing
combined organic-inorganic contamination. For instance,
Zhang et al*® fabricated a novel WO,/BiVO,-CoBi photoanode,
which could remove 99% of carbamazepine (CBZ) within 40 min
and 75.4% of NH," within 120 min.

4. Synthesis of non-TiO,-based
photoanodes

The synthesis of photoanodes differs significantly from that of
powder photocatalysts, necessitating careful consideration of
substrate selection and growth methodology employed. Synth-
esis techniques encompass wet-chemical methods, electroche-
mical methods, other chemical methods, and physical
methods. Based on whether photocatalysts are directly grown
on substrates or whether pre-prepared powder photocatalysts
are affixed to them, synthesis methods can be classified into
in situ and ex situ categories. A summary of several in situ
synthesis methods for non-TiO,-based photoanodes utilized in
wastewater treatment is presented in Table 1 and Fig. 3.

4.1 Wet-chemical methods

Wet-chemical methods are the most popular and facile meth-
ods for the preparation of non-TiO,-based photoanodes. The

926 | EES Catal, 2025, 3, 921-942
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sol-gel method is a very popular wet chemistry method for the
preparation of TiO,-based photoanodes;*" however, this method
is not commonly used for the preparation of non-TiO,-based
photoanodes. Hydrothermal methods can grow catalysts on
conductive substrates in a Teflon-lined stainless-steel autoclave
at high temperature and pressure; it is always followed by
annealing (Fig. 4a). Solvothermal methods use organic solvents
as the reaction medium®' and are also conducted in autoclaves;
however, this approach has limited applications. Similar to the
hydrothermal method, chemical bath deposition (CBD) grows
films by heating the precursor and substrate, but it doesn’t
require an enclosed space and high pressure, and it is some-
times referred to as the dip-coating method. Liquid phase
deposition (LPD), based on the ligand-exchange hydrolysis of
the metal-fluoro complex and the F~ consumption reaction of
boric acid,** is another wet-chemical method. CBD and LPD are
“softer” in conditions because they don’t require high pressure
and temperature (Fig. 4b). SILAR is conducted by alternately
immersing the substrate in different anionic and cationic solu-
tions for many cycles (Fig. 4c). Ratnayake et al.** deposited a
BivVO, thin film on FTO using the SILAR method, and they
studied the effect of deposition parameters, including precursor
concentration, number of immersion cycles, and annealing
temperature, on the properties and PEC efficiency of the BiVO,
photoanode. Instead of immersing the substrate in the solution
directly, photoanodes can also be prepared using coating tech-
niques. Drop-coating is conducted by dropping the precursor on
the substrate (Fig. 4d), while spin-coating is operated using a
spin-coater and can achieve a more uniform film (Fig. 4e).
Electrospinning is a promising technique to synthesize nano-
fiber structure non-TiO,-based photoanodes. In the presence of
a high voltage electric field, the liquid supply device promotes
the flow of the electrospinning precursor, and a large amount of
solvent volatilizes to produce spray, forming micro-nanofibers
on the substrates (Fig. 4f).

Coating methods are popular in the ex situ preparation of
photoanodes. For instance, Fan and coworkers** prepared MoS,
nanosheets via liquid exfoliation, dispersed them in ethanol via
sonication, and then drop-cast them onto TiO, electrodes.
Notably, g-C;N,-based photoanodes are often prepared using
ex situ methods because g-C3N, is usually prepared by heating
melamine or urea. For instance, Sun et al.*” first obtained MgO/
¢-C3N, powder by calcining mixed alkaline magnesium carbo-
nate and melamine in a muffle furnace, which was subsequently
mixed with ethanol and Nafion and then loaded onto FTO by
the coating method. Perylene diimide (PDI), a promising
organic semiconductor, was also loaded onto indium-tin-
oxide (ITO) glass by the dip-coating method.*” Therefore,
ex situ methods allow sought-after materials to be coated onto
the substrates and to exert their strengths, significantly expand-
ing the variety of non-TiO,-based photoanodes.

Exploiting the relatively mild operating conditions and low
equipment costs (refer to Table 1 and Fig. 3b), wet-chemical
methods predominate in the current synthesis of non-TiO,-
based photoanodes (see Fig. 3a). Electrodes produced via this
methodology are extensively utilized for the degradation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The stability duration of the photoanodes prepared by different methods was provided from the literature. Based on the cycling experiments or

photocurrent—time curves mentioned in the literature, the total number of minutes of stability tests carried out is considered to be the stable duration of
the photoanode if there is no significant decrease in activity during the test period (drop-coating and sputtering methods are not shown because there
are fewer than three references). (b) The cost of equipment required to prepare non-TiO,-based photoanodes. AO (anodic oxidation) and ED
(electrochemical deposition) can be operated using an electrochemical workstation and a DC power supply, so there are two prices for them. The price
of the equipment is from https://www.16888.com, and the lowest price of the same type of product is selected for comparison.

pulses of gas-phase precursors into a reaction chamber and
gas-solid-phase chemisorption reactions on the surface of the
substrate (Fig. 4i). The films prepared by this method have
excellent 3D conformality, stability, and homogeneity. Through
ALD, Kim’s group®® formed a NiFeO, film on the surface of
Fe,O; to achieve surface reconstruction. At the same time, they
attained an accurate stoichiometric ratio using the super-cycle
method. The as-prepared photoanode was used for water split-
ting and degradation of TC; as a result, it showed great PEC
performance and could maintain a stable photocurrent after 18
cycles. However, as shown in Table 1 and Fig. 3b, this prepara-
tion method requires a special ALD reactor, which limits its
application due to its high cost.

CVD is a technology employed for the precise fabrication of
photoanodes. This method utilizes substances in gaseous or
vaporous states, which react at a gas-solid interface to yield
solid deposits (Fig. 4j). Compared with wet-chemical methods,
films produced via CVD exhibit superior adherence to the
substrate, and the control over film thickness is highly manage-
able. Mane et al.®® reported the development of an N-ZnO-Si
photoanode fabricated through metal-organic chemical vapor
deposition (MOCVD) employing a nitrogen-doping technique.
This approach effectively addressed the challenges of wide
bandgap and low resistance to photo-corrosion of ZnO nano-
wires. As illustrated in Fig. 3a, however, the high cost asso-
ciated with this method does not yield a corresponding
enhancement in electrode stability.

Sputtering is an uncommon physical method that involves
bombarding the source material (metal or metal oxide) under
vacuum conditions with energetic ions and depositing atoms
onto the substrate’” (Fig. 4k). Benefiting from its large-scale
coating ability, non-selectivity of the substrate, high controll-
ability, and versatility, sputtering has been widely applied in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the industry; hence, it is a promising technique for preparing
photoanodes used for wastewater treatment in the future. For
instance, Huang et al.®® prepared a BiVO, photoanode with
excellent performance by co-sputtering V and BiVO, targets,
demonstrating excellent removal ability for TC (79% within
12 min). In addition, to demonstrate scalability, they prepared
a large-area BiVO, (100 x 100 mm), offering additional insights
for promoting the proposed photoanode toward the practical
application of PEC degradation. However, the expensive and
specialized equipment (Fig. 3b) and harsh operating conditions
prevent it from being extensively studied at the laboratory scale.

4.4 Modification of photoanodes

Pristine photoanodes may suffer from problems including large
bandgap energy, low stability, or easy recombination of photo-
induced carriers, so it is necessary to modify photoanodes. Typical
modification methods for non-TiO,-based photoanodes include
morphological modification, doping modification, heterojunction
construction, and modification with carbonaceous materials,
noble metals, and other co-catalysts. Modification can be achieved
during the preparation of photoanodes, and the corresponding
preparation methods are listed in Table 1 and Fig. 5.

The morphological modification encompasses geometric
shape control, nanometer-scale adjustments, and facet engineer-
ing, as illustrated in Fig. 4. Variations in catalyst dimensionality
result in distinct properties. For instance, Co;0, predominantly
exhibits a one-dimensional (1D) nanowire structure,”® whereas
and MoS, is characterized as a typical two-dimensional (2D)
material.”” 1D fibers or tubes possess a reduced charge carrier
diffusion distance, which effectively inhibits the recombination
of e~ and h'; conversely, 2D sheets demonstrate high adhesion,
facilitating reactions with organic contaminants.”® The crystal
structure of a semiconductor significantly influences its

EES Catal., 2025, 3,921-942 | 929
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Fig. 4 Synthesis and modification methods for non-TiO,-based photoanodes. Wet-chemical methods: (a) hydrothermal method; (b) CBD and LPD; (c)
SILAR; (d) drop-coating; (e) spin-coating; and (f) electrospinning. Electrochemical methods: (g) anodic oxidation and (h) electrochemical deposition.
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modification; (n) heterojunction; and (o) combining with co-catalysts.

properties, including stability, adsorption capacity, and photo-
catalytic reactivity.””®' BiVO, has garnered considerable atten-
tion in the realm of crystal facet engineering. For example, Yang
et al®' fabricated Sn0,/010 facet-exposed BiVO, nanocompo-
sites utilizing the hydrothermal method. Their findings indi-
cated that (010) facet-exposed BiVO,, in comparison to the (100)
facets, exhibits higher surface energy and more exposed Bi
atoms. Consequently, augmenting the exposure ratio of the
(010) facet is advantageous for enhancing the adsorption of
2,4-dinitrophenol.

The doping modification includes metal doping and non-
metal doping, and sometimes the construction of defects is also
considered (Fig. 4m). Wu et al.®® devised a photoanode with
simultaneous boron doping and oxygen vacancie (OV) production
on the Bi,Sn,0, photoanode. The synergistic effects of B-doping
and OVs narrowed the bandgap of Bi,Sn,0, allowed the surface
of Bi,Sn,0, to be more electron-rich and created intermediate

930 | EES Catal, 2025, 3, 921-942

levels inhibiting the recombination of e ~h" pairs. As a result, it
exhibited efficient and stable PEC degradation of SMT.

Constructing heterojunctions is one of the most popular
strategies to modify photoanodes (Fig. 5) because it can effec-
tively separate e ~h" pairs by a built-in electric field (Fig. 4n). In
addition to heterojunctions, some scholars have studied other
forms of interface composites; for instance, Huang and Zhang’s
group® synthesized a BiVO, homojunction with staggered band
alignment without incorporating any heteroatoms. Further-
more, Wang and coworkers® fabricated a black/red phosphorus
in situ junction, which was further utilized to prepare a novel
multi-heterojunction TiO,-BiVO,-BP/RP film.

Combining photoanodes with co-catalysts is also a perspec-
tive strategy (Fig. 40), for example, Wang et al.>* demonstrated
that the deposition of Ag on WO; facilitated the simultaneous
reduction and detection of Hg within a concentration range of
0.296 nM to 12.5 pM when the electrode was operated in a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The synthesis—structure—mechanism-activity relationship diagram of non-TiO,-based photoanodes based on literature statistics. (The results of
the Sankey diagram are derived from 76 pieces of literature on non-TiO,-based photoanodes for pollutant wastewater treatment.)

solution containing Hg>". This approach achieved a remarkable
removal efficiency of 97 & 2% for Hg>" in industrial wastewater
containing various pollutant ions. Furthermore, PEC perfor-
mance can be significantly enhanced through the incorpora-
tion of carbonaceous materials, attributed to their superior
electrical conductivity.®® Additionally, the introduction of co-
catalysts has been shown to accelerate sluggish kinetics and
electron transfer processes.*>®”

Notably, certain modification approaches, though less com-
monly employed in PEC wastewater treatment systems, deserve
attention for their potential to enhance photoanode perfor-
mance. A prominent example is surface reconstruction. Seenivasan
et al.®® demonstrated this strategy by applying an ultra-thin NiFeO,
catalyst coating to hematite photoanodes via ALD. Benefiting from
ALD’s precise thickness control, the conformal NiFeO, coating not
only passivated surface states but also facilitated rapid charge
transfer to the electrolyte. This strategy effectively suppressed
e -h" recombination within the photoanode.

5. Performance evaluation of
non-TiO,-based photoanodes

Different preparation methods yield photoanodes with distinct
structures, which in turn influence the electrode’s performance
in various ways. The evaluation of photoanode performance
includes pollutant removal efficiency, electrode stability, light
utilization efficiency, and environmental applicability. In order

© 2025 The Author(s). Published by the Royal Society of Chemistry

to further investigate how different structures affect electrode
performance, the underlying mechanisms were characterized.
A synthesis-structure-mechanism-activity diagram for non-
TiO,-based photoanodes was developed after an extensive
literature review (Fig. 5).

5.1 Pollutant removal efficiency

Contaminant degradation experiments are the most commonly
used method to test photoelectrodes. The pollutant removal
efficiencies of prepared electrodes under different operational
parameters are compared. Although higher light source power
generally favors contaminant removal, our group has opted for
lower-power LED lights from an energy consumption perspec-
tive, achieving satisfactory results."**”"*® Anodic bias is another
critical parameter. While higher bias voltages enhance the
separation of photogenerated carriers by external electric fields
and increase dark current density, excessively high bias may
compromise anode stability and raise energy consumption.’ No
clear patterns emerge regarding non-TiO,-based photoanode
performance across varying pH levels. For instance, the WO,/
TiO, photoanode prepared by Li et al."® exhibited optimal urea
degradation at pH 3, whereas the Fe,WO4/ZnO photoanode
prepared by Lam et al.®* achieved peak TC degradation at pH 7,
with such variations attributable to differences in both pollu-
tant and photoanode properties. Additionally, this discrepancy
may also be influenced by the dominant active species. For
example, in the TC treatment system reported by Sun et al.,*”
where '0, acts as the primary reactive species, the photoanode
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exhibits continuously enhanced performance within the pH
range of 7-9.

These degradation experiments under varied conditions
determine the optimal operational parameters for photoa-
nodes. To demonstrate the superiority of the developed photo-
anodes, researchers further conduct comparative evaluations
with other electrodes. However, variations in experimental
conditions and lack of standardized testing methods make it
difficult to compare and evaluate the published results. In
order to assess the practical application potential of electrodes
rationally, the attention must be paid to the selection of water
matrix. Most photoanodes perform well in solutions containing
deionized water, simple-component electrolytes, and target
contaminants, while actual water has a complex composition
that can reduce the efficiency. For instance, Rather et al®®
collected sewage from three different treatment locations in
Hong Kong to use as the electrolyte in PEC experiments. The
results showed that sewage with extremely high concentrations
of CI” and SO,>” reduced charge (h") transport, thereby
decreasing degradation efficiency. It is also reasonable to
consider how co-existing ions affect degradation efficiency or
to simulate pollutants in real wastewater as comprehensively as
possible. Wu et al.®° investigated the effect of co-existing anions
on the degradation of SMT in their PEC system and found that
the order of effect of the co-existing anions was PO,*>~ > CO5>~
> Cl~ (Fig. S1, ESIY). Zhang et al.°" constructed a 4-liter reactor
and used ammonia, glucose, bovine serum albumin, and E. coli
to represent inorganic matter, organic matter, macromolecules,
and microbial pollutants contained in wastewater, respectively.
The results showed that large protein molecules were much
more difficult to destroy than E. coli. Alternatively, from another
perspective, researchers can use some bulky indicators when
expressing degradation efficiency, such as total organic carbon
(TOC), chemical oxygen demand (COD), and biochemical oxy-
gen demand (BOD), which are common in actual wastewater
treatment. Therefore, the selection of actual wastewater as a
contaminant, the consideration of the influence of co-existing
ions, or the selection of bulky indicators can help to evaluate
the performance of photoanodes more comprehensively.

5.2 Stability of photoanodes

Another fundamental purpose of studying photoanodes for
actual wastewater treatment is to assess their stability after
repeated use. The most common methods for characterizing
the stability of photoanodes are illustrated in Fig. S2 (ESIt).
In PEC wastewater treatment, studies identifying the causes
of stability loss are limited. The Fourier-transform infrared
(FTIR) spectra of the MoS,@BL-BiVO, photoanode, after recy-
cling tests in sewage, displayed new peaks compared with those
observed after use in a NaCl solution. These peaks were
attributed to the adsorption of natural organic matter (NOM)
as noted by Zheng et al.°> The review of Zuo et al.®® clarified that
the stability of electrodes is influenced by an electrochemical
window and organic fouling or inorganic scaling. Understand-
ing the key factors influencing the stability of photoanodes can
help formulate strategies to maintain their performance. Liu
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et al.®*

identified that the primary cause of photoanode deac-
tivation is the reconstruction of the oxide surface structure,
which occurs due to the coordination of the oxide with CI™
during seawater splitting. They further enhanced the stability
of the PB-Fe,O; photoanode by improving the metal-oxygen
interaction. By introducing Sn into the crystal lattice, the
Sn/B-Fe,O; photoanode demonstrated stability during seawater
splitting for 3000 h. Li et al®® modified the BiVO,/Cu,O
heterojunction photoanode by using the co-catalyst cobalt-
phosphate (Co-Pi). Co-Pi can effectively capture and release
holes through the chemical state change of Co, which, in turn,
inhibits photo-corrosion and improves electrode stability (Fig.
S2h, ESIT). In summary, the stability of the photoanode can be
improved by inhibiting the occurrence of both side reactions
and photo-corrosion (Fig. 5).

Moreover, the cycling tests are mainly performed in the
laboratory and use solutions containing certain target contami-
nants. Tests in real applications or using sewage are insuffi-
cient, and stability results may change under such conditions.

5.3 Light utilization efficiency

The enhancement of light harvesting through specialized geo-
metrical structures and the reduction of the bandgap width of
photocatalysts can significantly improve the sunlight utiliza-
tion of photoanodes (Fig. 5). The most common indicators used
to evaluate light utilization efficiency, along with corresponding
examples, are summarized in eqn (S1)-(S4) and Fig. S3 (ESIf).
Among these indicators, internal quantum efficiency (IQE)
reflects the intrinsic efficiency of the material, while # accounts
for the contribution of the external bias voltage. Altogether
these two indicators effectively represent the light utilization
efficiency of non-TiO,-based photoanodes. Furthermore, the
evaluation methods primarily stem from PEC water splitting,
and there is currently no established evaluation system for PEC
wastewater treatment. Here, we refer to the commonly used
equations (eqn (S3) and (S4) (ESIT)) for PEC water splitting and
propose the photoelectrochemical mineralization efficiency
(PME) by considering both pollutant degradation efficiency
and externally input electrical energy, as shown in eqn (1):

—AG" - ATOC - V

12 x 1000nCAt
Py

PME = x 100% (1)

Herein, AG® is the standard Gibbs free energy change (J mol ™)
for the complete mineralization of pollutants, ATOC is the concen-
tration of TOC removed (mg L"), V is the volume of the reaction
solution (L), nC is the number of carbon atoms in the pollutant,
A is the effective reaction area of the electrode (m?), ¢ is the
reaction time (s), Py is the power consumed by the external bias
(W m™?), and Py is the incident radiation power (W m™?).

5.4 Environmental applicability

The aforementioned metrics ultimately serve the environmen-
tal applicability of photoanodes, i.e., their application
potential. Life cycle assessment (LCA) systematically evaluates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the environmental impact of products throughout their life
cycle by quantifying resource consumption, energy use, and
environmental emissions. For example, Gao et al.°® prepared a
NbClO,/BivVO, photoanode using an electrochemical deposition
method, which directly synthesized CIO™ from seawater while
simultaneously recovering high-value-added products. In the
LCA of this work, the functional unit was defined as 1 kg of
NaclO, and indicators such as fossil abiotic depletion potential,
human toxicity potential, and global warming potential were
used to quantify the environmental impact. Compared with
dimensionally stabilized anodes, the NbClO,/BiVO, photoanode
reduced CO, emissions by 75.31% and lowered electricity costs
by 77.16% when producing the same amount of ClO™ using
conventional grid electricity. Zhang et al.®’ developed a system
that utilized electrons generated from PEC phenol degradation
for cathodic ammonia synthesis. LCA results indicated that
electricity consumption was the only critical factor affecting
its overall economic and sustainability performance. Compared
with standalone electrochemical ammonia synthesis, the inte-
grated system reduced electricity consumption by 51.8% and
exhibited lower greenhouse gas emissions.

In studies on non-TiO,-based photoanodes, LCA applications
remain limited, with most research focusing only on green-
house gas emissions during pollutant degradation or techno-
economic analyses. In the work conducted by Zheng et al.”* on
reduced BiVO, photoanodes for simultaneous organic pollutant
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degradation, ammonia nitrogen removal, bacterial inactivation,
and hydrogen production, they categorized PEC process carbon
emissions into direct and indirect emissions. Indirect emissions
were linked to PEC electricity consumption and were compen-
sated using the energy of the produced H,; the compensated
electricity consumption was multiplied by the emission factor to
calculate the indirect emissions. Techno-economic analyses
typically calculate electricity consumption per unit volume of
wastewater treated,"®*® per unit mass of pollutant removed*®*°
or per order of pollutant concentration reduction.> Notably,
these analyses often focus solely on pollutant degradation, while
electrode preparation also requires significant energy input,
such as kilowatt-level oven usage for hydrothermal reactions,
far exceeding the energy demands of electrochemical deposi-
tion. When the entire life cycle is considered, evaluation out-
comes may differ. Additionally, most experiments are not
conducted under direct sunlight, and simulated light sources
consume significantly more energy than the electricity required
to drive PEC processes,” which is often overlooked during
techno-economic analyses and deserves attention as well.

6. Mechanism characterization of PECs

To reveal how modified catalysts improve PEC performance,
the study of the PEC mechanism is needed; thus, the charac-
terization methods to reveal the mechanism are deep-level and
vital work.

6.1 Light absorption and exciton excitation

The crux of this process is to determine the light absorption
efficiency of the semiconductor (see Section 5.3) and its band-
gap energy (Eg).

E, calculation methods can be divided into three categories:
direct methods, indirect methods, and DFT calculations (Fig. 6).
An introduction to these methods, along with corresponding
examples, is summarized in eqn (S5)-(S12) and Fig. S4 (ESIY).

Table 2 presents the bandgap energy of some non-TiO,-
based photoanodes. It is evident that the E, values differ from

Table 2 The bandgap energy and carrier's lifetime and corresponding characterization methods of some non-TiO,-based photoanodes

Photoanode Calculation method Eq (eV) Carrier lifetime Calculation method Ref.
hm-m-WO;/W mesh Tauc plot 2.87 6.21 ns TRPL 46
WO,/BiVO,/FTO Not mentioned Not mentioned 22.7 ms (transit time) IMPS 105
BiVO,/ITO Tauc plot 2.45 Not mentioned Not mentioned 12
DFT 2.23
BiVO,/FTO Tauc plot; M-S plot, UPS 2.54 Not mentioned Not mentioned 106
SnO,@BiVO,/FTO Tauc plot; M-S plot, UPS 2.46 Not mentioned Not mentioned 86
Ir,Zn, ,O/Ti Tauc plot; DFT 1.42-2.26 0.5 ms (charge relaxation time) EIS 107
MgO/g-C3;N,/FTO Tauc plot 3.34 5.67 ns TRPL 37
a-Fe,03/g-C3N4/FTO Tauc plot 2.08 4.2 ms EIS 48
Sn-Fe,O3/NFO25/FTO Tauc plot 2.20 Not mentioned Not mentioned 66
Zn0O/CdS/MoS,/FTO Tauc plot 2.25 10 ns TPV 108
MoS,/Ti Not mentioned 1.80 Not mentioned Not mentioned 77
In,05/In,S;/CdS/FTO Tauc plot ~1.80 3.12 ns TRPL 41
BivVO,/Cu,0/Co-P/FTO Tauc plot ~2.40 Not mentioned OCP 95
Cu,0/Ag;PO,/FTO Tauc plot Not mentioned 47.8 ms EIS 109
BiVO,@TiO,/Ti Tauc plot 2.98 17.45 ns TRPL 110
© 2025 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2025, 3, 921-942 | 933
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the pristine E, shown in Fig. 2a, which is attributed to the
modification of catalysts. Additionally, the Tauc plot is the most
widely used method for calculating E,, yet few studies employ
more than one method to calculate E,. Since the E;, CBM, and
VBM positions are crucial for explaining the reaction mechanism,
researchers must characterize this information in a mutually
verifiable manner. Moreover, it is important to consider the
suitability of characterization methods prior to conducting ana-
lysis. For instance, UV-vis DRS is not appropriate for semicon-
ductors with intermediate energy states, which are often caused
by defects.”® Additionally, the Kubelka-Munk function may intro-
duce uncertainty in the analysis of doped semiconductors. %"

6.2 Separation and transfer of carriers

6.2.1 Separation efficiency. Charge separation efficiency
can be indicated by carrier density, which is derived from the
slope of the Mott-Schottky (M-S) plot using eqn (2) (taking an
n-type semiconductor as an example):'®*

2 dE
X @)

The meaning of each symbol has been explained in eqn (S10)

View Article Online

EES Catalysis

carriers’ density,*® and it is inversely related to the slope of
the Mott-Schottky plot (Fig. 7a).

The photocurrent is an important indicator to imply carrier
density and separation efficiency. Chronoamperometry is
usually used to reveal how photocurrent changes over time;
current (density)-time curves (Fig. S6a, ESIt) and transient
photocurrent (density) (Fig. Séb, ESI{) are two main forms of
it. LSV (Fig. S6c, ESIt) and chopped LSV (Fig. S6d, ESIt) are
usually used to depict how photocurrent changes with applied
potential. The measurement of photocurrent in different elec-
trolytes can be used to calculate charge separation efficiency
according to eqn (3):'%

- JPEC
sep — ;
Jabsinj

(3)

where 14, is the charge separation efficiency, jprc is the
measured photocurrent, j,ps is the maximum possible photo-
current density, and #;y; is the charge separation efficiency.
When the photoanode is tested in Na,SO; solution (a kind of
hole scavenger; some studies use H,0, to scavenge holes'*),
sulfite oxidation kinetics is fast, and #;,; can be estimated to be
100%, then 74, can be written as eqn (4):

_ JNa,S0;3

. nscp - . (4)
and (S11) (ESIt). Some researchers used N to approximate Jabs
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and j,ps can be calculated using eqn (5) and (6):

20
Jubs = .[o (D) 5)
s (7) = G HE) ©)

Herein, 4, is the absorption edge of the photoanode, Ju,y is the
current flux, Ny, is the photon flux and can be obtained from the
spectrum of the light; and Zv is the energy of the photon. After
obtaining the above information, the 5., plot of the photoanode
at different bias potentials can be plotted (Fig. 7b). For example,
Wang et al'® found that the charge separation efficiency of
GaN:ZnO photoanodes increases with decreasing moisture expo-
sure time; corresponding information is shown in Fig. S7 (ESIT).

In addition to the photocurrent, as shown in Scheme 1, the
e -h" pairs generated by the light excitation of the photoanode
create a surface photovoltage (SPV) after separation within the SCL.
The steady-state SPV reflects the separation efficiency of the
photogenerated charges at the surface/interface (Fig. 7¢).""' PL
spectra can also be used to analyze separation efficiency, as the
recombination of h* and e~ results in photon emission; a smaller
PL response indicates more efficient charge separation (Fig. 7d).
Finally, DFT can provide insights into the separation and migra-
tion properties of charges by calculating the effective masses of
holes and electrons since the efficiency of charge separation and
migration is inversely proportional to the effective mass."*?

6.2.2 Charge transfer kinetics. The carrier lifetime is
defined as the time required for the e -h" pairs to decay to 1/e
through radiative recombination."*® Time-resolved photolumi-
nescence spectroscopy (TRPL) is a technique for probing the
dynamics of time-dependent changes in the excited state radia-
tive excitation spectra of a semiconductor under pulsed mono-
chromatic light irradiation. A slower decay represents a longer
lifetime (Fig. 7e). Jin et al."'® prepared a BiVO, quantum dot-
decorated TiO, photoanode, and TRPL was employed to inves-
tigate the separation and transfer dynamics of e ~h" pairs. The
results showed that the modified photoanode exhibited a longer
decay lifetime, suggesting that more e -h" pairs can participate
in the surface reaction. The transient surface photovoltage (TPV)
test, a system based on SPV using a pulsed laser as the light
source, can also be used to determine carrier lifetimes
(Fig. 7f)."°® Moreover, Bode plots of EIS can assist in calculating
carrier lifetimes (Fig. 7g). Arotiba’s group investigated electron

lifetime according to eqn (7):'*°

1

T =
2nfmax

(7)

where fi,., is the peak frequency of the Bode plot. Open circuit
potential (OCP) decay curves can be used to determine the
potential-dependent carrier lifetime of photoanodes.”® In the
test, the photoanode is initially illuminated by a light source to
generate charge carriers. After turning off the light source, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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voltage decay is measured over time (Fig. 7h). The carriers’
lifetime can be calculated using eqn (8):

= () ®

1 114

Lastly, similar to the form of eqn (7), Zeng et a carried
out intensity-modulated photocurrent spectroscopy (IMPS) to
measure the majority charge carrier transit time—the average
time required for the photogenerated carriers to reach the back
contact of the substrate—of their WO3/BiVO, photoanode, as
described in eqn (9):

1
B 2ch min

where f,in is the frequency at the minimum value in the
IMPS plot.

However, characterizing the lifetime of photoinduced car-
riers is complex due to various factors. First, do different
techniques yield similar results for the same catalysts? As shown
in Table 2, the carrier lifetimes calculated using TRPL and TPV
are in the nanosecond range, while those obtained from EIS and
IMPS are in the millisecond range. It is crucial to determine
whether this significant discrepancy arises from the catalysts
themselves or the characterization methods employed. Addi-
tionally, the literature presents conflicting explanations regard-
ing the relationship between carrier lifetime and separation
efficiency. Gao et al.'® argued that the shorter lifetime measured
via TRPL indicated more effective photoexcited charge separa-
tion and transfer. Similarly, Song et al'® suggested that the
shorter lifetimes of photogenerated holes measured through
transient absorption spectra (TAS) also reflects an efficient
charge separation and transfer process. These interpretations
contradict the aforementioned view that longer lifetimes signify
more effective separation. When considering the time carriers
spent in the external circuit or at the interface of the photo-
anode and solution, a shorter carrier lifetime suggests faster
transfer and more efficient utilization. However, when examin-
ing transfer within the bulk of the photoanode, a longer lifetime
implies reduced recombination. Therefore, it is essential to
compare measurement techniques for carrier lifetimes to
enhance the credibility of results, and the interpretation of
these results should be as clear as possible.

6.2.3 Charge transfer pathway. The charge transfer path-
way varies depending on the structure of the catalysts. Hetero-
junctions and other composite structures can protect vulnerable
photocatalysts, enhance light harvesting efficiency, and improve
the separation of photogenerated carriers. Once the composite
structure is formed, it is crucial to understand the charge
transfer at the interface of the different catalysts. XPS can be
employed to characterize the heterojunction formation and the
direction of electron transfer during the PEC process (Fig. 7i).
An increase in the binding energy of the tested element after
composite formation indicates that this material loses electrons
during the formation of the composite structure. In in situ XPS,
electron transfer in the tested material also occurs upon light
application to the photoanode. For example, a decrease in the

Td
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binding energy after photoexcitation suggests that electrons in
the composite are transferred from another material to this
tested material under illumination. Wu et al.? utilized in situ
and ex situ XPS spectra to elucidate the formation of the
Bi,Sn,0, quantum dot/TiO, S-scheme heterojunction.

Apart from these methods, Li and coworkers*® synthesized
photoanodes featuring WO3;/W heterophase junction struc-
tures, significantly enhancing the separation of photoinduced
h* and e”. They proposed a matched band structure for mono-
clinic WO; and hexagonal WO; based on the results of UV-vis
DRS and Mott-Schottky curves, further verifying their assump-
tion through photochemical deposition experiments. As shown
in the SEM images in Fig. 7j and Kk, the deposition of Ag
nanoparticles on monoclinic WO3; and the formation of
Co;0,4 nanoparticles on hexagonal WO; indicated the accumu-
lation of e~ and h", respectively, which aligned with the charge
transfer pathway they proposed.

WO;/Ag Schottky heterojunction photoanodes were pre-
pared by Wang et al.>* Under light exposure, hot electrons were
generated at the interface of WO; and Ag due to the localized
surface plasmon resonance (LSPR) effect. However, this effect
was quenched upon the combination of Ag and Hg”". As a
result, the corresponding photocurrent decreased, enabling
both the reduction of Hg and the simultaneous detection of
Hg concentration. Utilizing discrete dipole approximation
(DDA) simulations, they explored the spatial distribution of
the LSPR-induced electric field. In the absence of Hg>", the
WO,-Ag interface exhibited the highest electric field enhance-
ment (EFE) (Fig. 71). Conversely, in the presence of Hg*", the
formation of surface Ag, ,Hg, resulted in diminished oscilla-
tion and polarization, leading to reduction in EFE (Fig. 7m).

Furthermore, internal electric fields (IEF) are commonly
referenced in discussions of charge separation in PECs; hence,
characterizing IEF is crucial for understanding the intrinsic
mechanisms involved. Recently, Yuan’s group'*® concluded
characterization techniques to identify IEF. These techniques
include determining the work function of semiconductors
using UPS, Kelvin probe force microscopy (KPFM), and DFT
calculations, as well as measuring the surface potential through
KPFM, piezo-response force microscopy (PFM), and SPV. Addi-
tionally, they indirectly demonstrated the formation of IEF
through free radical quenching experiments and electron para-
magnetic resonance (EPR) studies.

6.3 Interface reaction process

This process is influenced by two factors. The first factor is the
electrode itself, which includes its redox capacity, the active
species produced, and the interfacial charge transfer rate. The
second factor is the contaminant, encompassing its mass
transfer processes, adsorption characteristics, and reactive sites.

When the applied bias is low and is used solely to accelerate
the separation of e -h" pairs, the redox ability is primarily
determined by the band position of the photocatalyst. The
positions of the VB and CB can be determined using various
methods described in Section 5.2.1. Under certain conditions,
once the bandgap of semiconductors is determined, it can also
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facilitate the calculation of the conduction band minimum
(CBM) and valence band maximum (VBM). For instance, Yang
et al.**® calculated the VB potential of C;N,~MoS, using eqn (10):

VBM =X — E + 0.5E, (10)

where X is the absolute electronegativity of the semiconductor
and E. is the energy of free electrons on the hydrogen scale.
Similarly, Shao and coworkers''” determined the band edge
positions of CBM and VBM using eqn (11) and (12):

(11)
(12)

By comparing the band edge position with the potentials of
various redox reactions, we can deduce possible reactions and
reactive species. As the applied potential increases, it is impor-
tant to consider electro-oxidation or electro-reduction.™*®

Like other AOPs, in PECs, some reactions are dominated by
reactive species, while others may be influenced more by electron
transfer following surface adsorption. The primary reactive spe-
cies utilized in non-TiO,-based PECs include radicals such as
hydroxyl radicals (*OH) and superoxide radicals (O,* ). Occasion-
ally, chlorine radicals (CI*),* chlorite radicals (ClO*),"* sulfate
radicals (SO,*~),** carbonate radicals (CO;*~),"*° and others are
considered when PECs are combined with other AOPs. The
nonradical pathway typically involves the participation of h',
e, and sometimes singlet oxygen (*0,)."*' To assess the con-
tributions of these reactive species, researchers commonly
employ quenching experiments, probe techniques, and EPR to
characterize the roles of these species qualitatively and quantita-
tively. However, some researchers have proposed that adding
high-concentration ROS quenchers may alter the catalytic
mechanisms within their systems.'”” Moreover, in the PEC
process, quenching of holes or electrons can enhance contami-
nant removal efficiency by promoting the separation of holes and
electrons.®! Recently, Yang’s group'* supplemented the reaction
rate constants of probes and quenchers with commonly used
reactive species, and general recommendations were put forward
for the selection of appropriate probes and quenchers.

Several techniques can be employed to characterize inter-
facial charge transfer efficiency. As noted in eqn (3) and (4),
charge injection efficiency can be derived from eqn (13):

CBM = —® + 0.5E,

VBM = —@ — 0.5E,

_ .]PEC (13)
JNa,SO;

inj

Ninj indicates the efficiency of hole injection into the electrolyte,
with higher charge injection efficiency reflecting better utilization
of accumulated h'. Furthermore, the photocurrent response
curve can help diagnose surface oxidation kinetics. For example,
Shao’s group® designed a SnO,@BiVO, photoanode, but its
photocurrent response curve exhibited a noticeable spike, indi-
cating that h" accumulated on the surface of the photoanode. To
address this issue, they introduced a Co-Pi cocatalyst, signifi-
cantly improving the charge injection efficiency (Fig. 8a). Tafel
curves can characterize interfacial charge kinetics by plotting the
relationship between current density and overpotential on a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Techniques for characterizing interfacial reaction processes: (a) photocurrent—time curves of pristine BiVO,4, SnO,@BiVO,4, and SnO,@BiVO,/
Co-Pi photoanodes, reprinted with permission from ref. 86, Copyright (2019) Royal Society of Chemistry. Schematic diagram of (b) Tafel curves and (c)
Nyquist plots (where it is assumed that photoanode 1 has faster interfacial charge transfer kinetics than photoanode 2). (d) IMPS Nyquist plots of the Bi,Ss/
ZnO NRA and ZnS/Bi,Ss/ZnO NRA, respectively, reprinted with permission from ref. 54, Copyright (2022) American Chemical Society. (e) CFD simulations
of the flow velocity in the plate and network electrode in flowing water, reprinted from ref. 46, Copyright (2022), with permission from Elsevier. (f)
Contact angle of EG and MoS,/Ag@WOs/EG photoanodes, reprinted from ref. 124, Copyright (2023), with permission from Elsevier.

semi-logarithmic scale. A lower Tafel slope indicates faster charge
transfer kinetics and reduced polarization resistance (Fig. 8b).”®
The arc at low frequency in Nyquist plots is attributed to charge
transfer at the electrode-electrolyte interface (Fig. 8c), with a
smaller arc signifying faster surface reaction kinetics.''” More-
over, Lu et al.>* carried out IMPS to assess h* injection efficiency
into the electrolyte. In the corresponding IMPS Nyquist plots
(Fig. 8d), the low-frequency intercept in the first quadrant for the
ZnS/Bi,S;/ZnO photoanode is larger than that of the Bi,S;/ZnO
photoanode, resulting in greater h* injection efficacy and photo-
current density.

Mass transfer at the interface of the pollutant electrode can be
calculated using computer simulations. To analyze the fluid
behavior around the electrode, Ma et al.*® conducted computa-
tional fluid dynamics (CFD) simulations on both the plate
electrode and the WO;/W mesh electrode. As shown in Fig. 8e,
the grids in the mesh electrode enhanced fluid flow and facili-
tated contact between the contaminant and the catalyst com-
pared to the plate electrode.

To investigate the adsorption of pollutants at the electrode,
N, adsorption-desorption isotherms can help to determine the
specific surface area.*>®" FTIR provides insights into the adsorp-
tion mechanism,®" and contact angle measurements can evaluate
hydrophobicity. Mafa et al'** synthesized a visible light-
responsive MoS,/Ag@WO;/EG photoanode. They compared bare
EG and MoS,/Ag@WO5/EG photoanodes using contact angle
measurements; the results showed that the contact angles of
the two were 84.76° and 64.87°, respectively (Fig. 8f). A smaller
contact angle indicates better hydrophilicity, facilitating full
contact between the anode and pollutant molecules and

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhancing the generation of *OH from water molecules on the
electrode surface.

The electronic structure of pollutants can help to understand
the degradation mechanisms. The highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
and Fukui index are commonly used to describe the charge
distribution of organic contaminants.'*® For instance, Zhang
et al.*® employed DFT simulation to illustrate the HOMO and
LUMO orbital distributions, charge distribution, and Fukui index
of clofibric acid. Their simulated results facilitated predictions
regarding the feasibility of specific sites in clofibric acid for free
radical attacks. By integrating their computational findings with
data from a high-resolution mass spectrometer, they proposed
pathways for the catalytic degradation of clofibric acid.

7. Conclusion and perspectives
7.1 Conclusion

In recent years, non-TiO,-based photoanodes used for wastewater
treatment have been a field of interest for researchers and have
undergone rapid development. Given that the reasonable synthesis
of photoanodes can help achieve the best performance of photo-
catalysts, comprehensive evaluation can help to reasonably analyze
the application prospects, and sufficient characterization can help
to intuitively understand the intrinsic mechanisms; this review
introduces the synthesis, evaluation, and characterization methods
of non-TiO,-based photoanodes used for wastewater treatment.
Compared with TiO,-based photoanodes, different non-
TiO,-based photoanodes have potential applications in various
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scenarios. For example, WO;, g-C3N,, BiVO,, and Fe,O; have
the potential for visible light response; WO3, ZnO, and Fe,0;
have numerous applications in PFC; and WOj3, BiVO,, and their
composites are suitable for the removal of ammonia nitrogen.

The techniques for electrode synthesis include wet-chemical
methods, electrochemical methods, other chemical methods,
and physical methods. When considering practical applica-
tions, it is important to evaluate the cost of the synthesis
method, the stability of the electrode, and the potential for
large-scale production. Currently, the wet-chemical and electro-
chemical methods are the most commonly used methods for
synthesizing non-TiO,-based photoanodes. However, overly
simple operating conditions may compromise electrode stabi-
lity. In contrast, the less commonly used physical method is
costly but offers large-scale coating capabilities.

When evaluating the effect of electrode degradation on
pollutants, it is necessary to pay attention to the ability of the
photoanode to treat actual sewage. When assessing stability, it
is also essential to identify the key factors affecting it. When
evaluating light utilization efficiency, it is necessary to develop
more sophisticated equations to incorporate pollutant degrada-
tion and electrical energy input. Finally, the assessment of the
environmental applicability of the photoanode is indispensable,
as it determines the potential for its practical application.

To deeply reveal the mechanism of PEC wastewater treat-
ment, the bandgap of the catalyst should be confirmed through
various methods. Additionally, the separation efficiency, carrier
kinetics, and transfer pathways of the carriers should be further
investigated. It is also important to consider the redox ability of
the electrode interface, as well as the physical and chemical
conversion processes of pollutants during PEC wastewater
treatment.

Despite the aforementioned recommendations for photoa-
node synthesis and a systematic summary of non-TiO,-based
photoanode evaluation and characterization methods, several
fundamental questions still remain in the following areas.

Improve the synergy of different components

Improve the dispersion of cocatalysts

Synthesis Novel photocatalysts
Inm
Micro-level
i 41vanced electron microscopes
Evaluation P
Characterization (HAADF-STEM, cryo-EM, etc.)

Advanced energy spectra
(EXAFS, etc.)

In-situ characterizations
(In-situ XPS, In-situ EPR, etc.)

Selection of substrates

In-situ preparation methods

Reactor configuration, light source

= ¥
Elect}oﬂe 1 ﬁ %
I

Interfacial physical processes
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7.2 Perspectives: from the atomic level to large-scale
applications

The synthesis, evaluation, and characterization of non-TiO,-
based photoanodes should be closely interconnected. The
synthesis method influences the evaluation and characteriza-
tion results, while the characterization outcomes can, in turn,
enhance the synthesis approach. This review paper proposes a
comprehensive overview of synthesis, evaluation, and character-
ization methods, spanning from the micro-level to the electrode
level and extending to large-scale applications (Scheme 2).

(i) At the micro-level, synthesizing catalysts should prioritize
the micro-morphology of photocatalysts, the regulation of
exposed crystal facets, and the enhancement of synergy among
different components in composite materials. It is also important
to improve the dispersion and utilization efficiency of cocatalysts,
such as single-atom catalysts (SACs). Furthermore, there are some
catalysts with excellent performance in PEC water splitting that
can be considered for PEC wastewater treatment. For instance,
Ta;N5 exhibits potential in photocatalytic pollutant removal due
to its superior visible-light responsiveness (E, = 2.1 eV)'** and low
raw material supply risk.'>” Notably, its lower valence band
position'*® makes it more suitable for constructing heterojunc-
tions with other photocatalysts.'?>*3°

To better understand the catalyst structure at the atomic
level, more advanced characterization methods should be
introduced, for example, electron microscopy with higher reso-
lution (e.g., high-angle angular dark field-scanning transmis-
sion electron microscopy (HAADF-STEM)), electron microscopy
that changes the properties of the photoanode as little as
possible during observation (e.g., cryogenic electron microscopy
(cryo-EM)), and energy spectroscopy that can analyze finer
coordination environments (e.g., extended X-ray absorption fine
structure (EXAFS)). Furthermore, to infer the mechanism of
photoanode action more intuitively, it is necessary to represent
the changes in the photoanode during the PEC water treatment
process; therefore, in situ characterization techniques are very

Supply risk of materials
Raw material and instrumtant costs

Prospect of large-scale production

N\

Large-scale-application level

N\

A mature evaluation system
(Stability, energy consumption,
light utilization efficiency,
COD, TOC removal efficiency, etc.)

Physical properties

(Contact angle test, BET, etc.) T

(Adsorption, CFD, etc.)

Scheme 2 Perspective of the synthesis, evaluation and characterization of photoanodes.
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important. In situ photoelectrochemical characterization should
be performed while the PEC system degrades pollutants, and
in situ characterization results can also be obtained by control-
ling the input light and voltage.

(ii) At the electrode level, maximizing catalyst efficiency
requires careful consideration of the most suitable substrate,
including factors such as conductivity and stability of the
catalyst film. The in situ growth method should be chosen for
preparing the photoanode. Additionally, the selection of reactor
configuration, electrolyte, and light source will also impact the
efficiency of non-TiO,-based photoanodes.

Correspondingly, attention should also be given to charac-
terizing the physical properties of the photoanode, including
hydrophobicity, specific surface area, and interface resistance,
as well as the interfacial physical processes related to pollu-
tants, such as adsorption and mass transfer.

(iii) At the large-scale application level, although researchers
have made attempts to carry out degradation under sunlight
and prepare large-area electrodes (see Sections 3 and 4.3), there
are currently few large-scale applications for PEC wastewater
treatment. From the perspective of electrode preparation, the
challenges that limit scale-up mainly include equipment that
does not support large-area preparation, time-consuming pre-
paration methods, and the high costs of catalysts and sub-
strates. To address these difficulties, researchers could employ
scalable preparation methods such as sputtering, modularly
produce small-area electrodes for assembly into large-area
electrodes,™®! and select metal foils, sheets, or rods rather than
conductive glass as electrode substrates. What’s more, it is also
worth considering the supply risk of PEC materials, with
Hillenbrand et al.*” showing that hematite is the material with
the lowest current supply risk, while bismuth vanadate has the
highest future supply risk.

At this level, attention to characterization and evaluation
should not focus solely on pollutant removal efficiency. A
photoanode with strong stability, low energy consumption, or
high light utilization efficiency can also enhance its overall
performance. Additionally, the degradation of a single target
pollutant may produce more toxic byproducts, making high
degradation efficiency appear misleadingly one-sided. Thus, it
is essential to develop a more comprehensive evaluation system
that encompasses multiple dimensions.

(iv) Notably, machine learning is instructive in both the
synthesis and characterization of photoanodes, enhancing the
interaction and feedback between synthesis and characteriza-
tion methods. For instance, screening suitable photocatalysts or
substrates quickly and accurately is a massive task, while
machine learning can help solve this problem. It can not only
guide the screening, preparation, and optimization of new
catalysts under different environmental application scenarios
by combining the data obtained from different routes but also
improve the analysis of characterization results by integrating
characterization techniques, such as electron microscope image
recognition and extraction of information from wave spectra.

Once the aforementioned suggestions are addressed, it will
greatly benefit the development of photoelectrocatalysis in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environmental field. This will advance the preparation of
photoanodes for industrial applications and enhance deeper
mechanistic characterization. We anticipate that this review
will inspire more frontier research in the synthesis, evaluation,
and characterization of non-TiO,-based photoanodes, thereby
attracting significant attention in the field of PEC wastewater
treatment.
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