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Introduction

Solar energy is a fundamental energy supporting the sustainable
development of human society and the ecological environment.
Quantitatively, the potentially available sunlight power reaching
the Earth’s surface is estimated to be around 8.6 x 10* TW/year
[1], which is much higher than the global energy consumption of
human activities in 2018 (about 19 TW) [2]. In recent decades, sev-
eral solar-utilization technologies (such as photovoltaic technology
[3,4], photocatalysis technology [5,6], and solar-thermal technol-
ogy [7]) have been developed and studied in order to address
environmental pollution issues and fossil fuel shortages. Among
these solar-utilization technologies, photoelectrochemical (PEC)
water splitting and organic synthesis are considered to be promis-
ing environmentally friendly approaches for the production of
hydrogen fuel and organics [5,8]. From the perspective of energy
conversion, solar energy can be converted into hydrogen fuel or
chemical energy of organics through semiconductor photoelec-
trodes during water splitting or organic synthesis reactions.

PEC water splitting and organic synthesis are both initi-
ated with the photo-induced charge of semiconductor electrodes
under solar illumination [8,9]. Taking water splitting in an n-type
semiconductor-based PEC cell as an example, the PEC water split-
ting step can be generalized as follows (shown in Fig. 1a). (i)
Electrons and holes are respectively generated in the conduction
and valance band of the n-type semiconductor electrode when it
absorbs photons with higher energy than its band gap. (ii) If the
valence band edge of the n-type semiconductor is higher than the
water oxidation potential (1.23 V vs. RHE), the water molecules will
be split into oxygen molecules on the n-type photoelectrode via
the theoretical oxidative ability of photo-induced holes. (iii) Mean-
while, the electrons of the n-type photoelectrode are directionally
transferred to the counter electrode via bias driving through the
outer circuit. When the conduction band edge of the n-type semi-
conductor or the applied bias on the counter electrode is lower than
the proton reduction potential (0V vs. RHE), the water molecules
or protons are theoretically reduced into hydrogen on the counter
electrode. In the case of p-type semiconductor-based PEC cells, the
water molecules or protons are photoelectrochemically reduced
into hydrogen on the surface of the p-type photoelectrode, while
the water molecules are oxidized into oxygen on the counter elec-
trode via photo-excited holes (shown as Fig. 1b). In addition, the
water molecules could be reduced and oxidized simultaneously ina
tandem system composed of an appropriate n-type photoelectrode
and a p-type photoelectrode (see Fig. 1c). On the whole, the funda-
mental principles of PEC organic synthesis are similar to PEC water
splitting. In essence, both of them involve solar-driven oxidation or
reduction reactions on semiconductor electrodes [8,10].

For PEC water splitting or organic synthesis, the semiconduc-
tor electrode is the heart of the PEC system; thus, its performance
has a fundamental influence on the efficiency of the water split-
ting and organic synthesis reactions. It is generally accepted that
an effective PEC reaction involves seamless cooperation between
light harvesting, charge separation, and the surface reaction of the
semiconductor electrode [11-13]. With consideration for the inte-
gral PEC reaction process, the ideal semiconductor electrode for PEC
water splitting or organic synthesis should exhibit the following
properties: (i) suitable band gap for wide absorption of solar light;
(ii) modest band edge position to straddle a specific oxidation or
reduction reaction potential; (iii) satisfactory PEC reaction stability
inelectrolytes; (iv) high charge transfer and separation efficiency as
well as fast PEC kinetic reaction; and (v) acceptable production cost
and abundance of raw materials. In the past few decades, almost all
possible binary metal oxide semiconductors have been investigated
as photoelectrode materials for PEC applications [14,15]; however,
a satisfactory photoelectrode remains elusive. As a result, ternary

metal oxide semiconductors have garnered worldwide attention as
potential photoelectrode materials due to their unique advantages.
Ternary metal oxides offer a variety of suitable band gaps and mod-
est band edge positions to potentially achieve high PEC efficiency
[16,17]. Further, the various possible combinations of ternary metal
oxides increase the likelihood of finding a desirable photoelectrode
material for PEC applications.

The research on ternary metal oxide photoelectrodes for PEC
water splitting and organic synthesis has developed rapidly in
recent years. Therefore, it is an appropriate time to summarize the
periodical progress of ternary metal oxide photoelectrodes for PEC
water splitting and organic synthesis, with the intention of pro-
viding a systematic overview of the developing information and a
referential direction for this research field. This review firstly intro-
duces the fundamental properties and limitations of ternary metal
oxide semiconductors for PEC water splitting and organic synthesis.
Then, modified strategies for the PEC performance of ternary metal
oxide photoelectrodes are highlighted. Next, recent developments
in the use of ternary metal oxide semiconductors as photoelectrode
materials for water splitting and organic synthesis are summa-
rized. Finally, several perspectives are presented with respect to the
future outlook of PEC water splitting and organic synthesis using
ternary metal oxide photoelectrodes.

Fundamental properties and limitations of ternary metal
oxide photoelectrodes

Band gap and structure features of ternary metal oxides

On the Earth’s surface, the proportion of visible light energy
(400nm< A <800nm) in the solar spectrum is close to 50%; it
is essential to utilize the visible light energy for large-scale PEC
applications. For example, a solar-to-hydrogen (STH) efficiency of
10% and a stability of 1000 h are generally considered to be the
minimum threshold for the commercial application of PEC water
splitting [18,19]. To attain such performance in the PEC water split-
ting reaction, the semiconductor electrodes in the PEC cell should
provide at least ~1.6V holes potential (1.23V and overpotential)
and a photocurrent density of 8.2 mA/cm? [20]. Ternary metal oxide
semiconductors are an intriguing material class; there is a large
quantity of potential ternary metal oxide semiconductors that may
possess the desired optical properties and band structure for PEC
water splitting and organic synthesis. In general, the valence band
of most ternary metal oxide semiconductors is composed of a
hybridization of O 2p orbital with a d° or d!° orbital of one metal
cation [16]. The other metal cation in ternary metal oxide provides
an orbital for the constitution of its conduction band. Due to the
hybridization of the O 2p orbital with the metal element orbital, the
valence bands of ternary metal oxides are pushed upward and their
band gaps are decreased slightly relative to binary metal oxides.
An example is BiVO4 which has a band gap of ~2.4eV [21,22]; its
valence band consists of the hybridization of O 2p orbital with Bi6 s
orbital. The valence band edge of BiVOy is slightly pushed upward
relative to Biy03 (~2.7eV) [23]. Accordingly, ternary metal oxide
semiconductors can offer a variety of required band gap energies
for PEC reactions. As shown in Fig. 2, several typical ternary metal
oxides have been demonstrated to have a band gap energy in the
range of 1.6-2.3 eV, which could theoretically achieve over 10% STH
efficiency in a PEC water splitting device.

Performance limitations and application challenges of ternary
metal oxide photoelectrodes

Although ternary metal oxides have several advantages as pho-
toelectrode materials, the actual performance of ternary metal
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Fig. 1. PEC water splitting in (a) n-type semiconductor-based PEC system, (b) p-type semiconductor-based PEC system, and (c) tandem system.
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Fig. 2. The band structure of several typical ternary metal oxide semiconductors.

oxide photoelectrodes are unfortunately affected by several lim-
itations. First, the charge transfer and separation properties of
most of ternary metal oxide photoelectrodes are unsatisfactory.
As mentioned above, the valence band of ternary metal oxide
semiconductors consists of hybrid orbitals; empty metal orbitals
normally arise in their band structure. These empty orbitals of
metal cations usually result in carrier localization and low carrier
mobility [24,25]. The poor charge transfer and separation prop-
erties naturally hamper the PEC activity of ternary metal oxide
photoelectrodes. Second, the PEC kinetics on most of ternary metal
oxide photoelectrodes is too sluggish to high performance. The
PECreactions on photoelectrodes (such as, water splitting reaction)
normally involve multistep proton-coupled electron transfer pro-
cess, but the inactive conductivity and hydrophily of ternary metal
oxides cannot provide sufficient support for PEC reactions. Three,
the stability of ternary metal oxide photoelectrodes in the present
does not reach the requirement of PEC applications. On the face
of it, the unsatisfactory stability of ternary metal oxide photoelec-
trodes is originated from their dissolution in aqueous solution. In
essence, the dissolution of ternary metal oxide photoelectrodes is
mainly caused by their poor charge transfer and separation proper-
ties as well as sluggish kinetics for reactions, which jointly induce
the photocorrosion of ternary metal oxides [26].

For the PEC applications of ternary metal oxide photoelectrodes,
the first challenge is screening out the ternary metal oxides with
high-performance. In theory, the amount of possible ternary metal
oxides is vast. At present, the efficient approaches for the exper-
imental screening and theoretical prediction of desired ternary
metal oxides are inadequate though some efforts have been ini-
tiated. Second, the accurate and facile synthesis of ternary metal
oxide photoelectrodes is also challenging. Stoichiometry of metal

cations and oxygen has an obvious influence on the PEC perfor-
mance of ternary metal oxides [27,28]. The synthesis of ternary
metal oxides is highly reliant on harsh conditions in particular
at high temperature, which may lead to selective loss of one of
the metal elements due to differences in the metal cation vapor
pressure [29]. The minor sub-stoichiometry of metal cations could
induce a high concentration of defects in ternary metal oxides
[30], which may act as recombination centres of charge carrier,
naturally impacting on the performance of the photoelectrodes.
To date, the accurate and facile synthesis of ternary metal oxide
photoelectrodes remains a bottleneck that restricts the systematic
investigation of these photoelectrons as well as their large-scale
application prospects.

Modified strategies for the performance of ternary metal
oxide photoelectrodes

As described in the above sections, ternary metal oxides have
distinctive features that make them highly promising photoelec-
trode materials for PEC water splitting and organic synthesis.
However, the typical photon-to-product conversion efficiency of
most ternary metal oxide photoelectrodes is far below the theoret-
ical expectations due to several identified performance limitations.
Numerous attempts have been made to address one or more of
these performance issues with varying degrees of success; such
attempts include composition or morphology-tuning, coupling of a
co-catalyst or photocatalyst, and crystal facet-engineering. In this
section, an overview of these types of modifications on the PEC per-
formance of ternary metal oxide photoelectrodes is provided, and
the relevant findings are discussed.
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Composition or morphology-tuning

Previous experimental investigations and theoretical calcula-
tions have revealed that both the composition and morphology of a
photoelectrode have a significant influence on its light harvesting,
charge transfer and separation, and the surface reaction efficiency
[31,32]. Specifically, the band gap, band edge position, carrier trans-
port property, and surface reaction kinetics of a photoelectrode are
highly related to its composition. Meanwhile, the morphological
characteristics of a photoelectrode, such as its thickness, size, and
shape, affects its light absorption intensity, charge separation effi-
ciency, and surface reaction kinetics. For a specific ternary metal
oxide, the bulk carrier-diffusion length, band gap, and band edge
position are nearly constant. The charge collection efficiency on
the surface of a ternary metal oxide photoelectrode could be opti-
mized when the thickness and dimensions of the photoelectrode
are in the same range as its carrier-diffusion length. In addition, the
electrical and optical properties as well as depletion region of a pho-
toelectrode are more favorable for PEC reactions when the ternary
metal oxide is incorporated with suitable dopants or oxygen vacan-
cies. Therefore, composition alterations and morphology-tuning of
ternary metal oxide photoelectrodes are two effective and common
ways to improve their PEC performance. Several typical composi-
tion or morphology-tuning works that have been recently reported
to modify the PEC performance of ternary metal oxide photoelec-
trodes are reviewed below.

It has been reported that the transport of charge carrier in many
metal oxides is based on a small polaron hopping conduction mech-
anism [24,25,33]. Such a polaron conduction mechanism usually
results in relatively low charge carrier mobility in ternary metal
oxide semiconductors. Suitable metal-impurity doping is expected
to modify the charge localization of ternary metal oxides, improv-
ing their charge carrier mobility during PEC reactions. In the work
of Bard’s group [34], various metals (W, Fe, B, Cu, Zn, Ti, Nb, Sn,
Co, Pb, Rb, Ru, Ag, Ga, Sr, and Ir) were investigated as dopants to
improve the PEC activity of BiVO,4 via a scanning electrochemi-
cal microscopy (SECM) technique. The doping effects were quickly
and intuitively screened based on the SECM image of BiVO,4-based
arrays, and were further examined on larger BiVOg4-based film
photoelectrodes by means of PEC measurements. This work indi-
cated that the co-doping of 2% W and 6% Mo resulted in the most
effective enhancement of the PEC activity of BiVOy4, without a sig-
nificant influence on the band gap of BiVO,. Similar results were
subsequently observed in the work of Luo et al. [35], and have sub-
sequently been replicated in several theoretical calculations and
experimental studies [36-38]. W and Mo both have 6 valence elec-
trons; the substitution of the partial sites of V>*in BiVO4 can lead to
donor-doped BiVO4 with improved bulk electron-hole transfer effi-
ciency and higher conductivity [34,39]. Additionally, proper metal
substitutes the partial sites of Bi3*in BiVOy,4, having a positive effect
on the PEC activity of BiVO4 photoanodes. Zhang et. al. reported that
higher PEC activity was obtained with a Y3*-doped BiVO, film pho-
toelectrode by means of Y3* substitution in the partial sites of Bi3* in
BiVO,4 [40]. Our recent work observed that In3* substituting the par-
tial sites of Bi3* in BiVO, does not obviously change the band gap of
BiVQy, but results in higher surface-charge separation efficiency for
PEC water oxidation. Both experimental and theoretical calculation
outcomes have revealed that In3*-doping passivates the surface
states of BiVQy, thus inhibiting the nonradiative recombination of
surface charge [41].

Significantly, there is a vast amount of potential metal-doped
ternary metal oxides; however, methods for rapid screening and
identification of effective ternary metal oxides as photoelectrode
materials are less advanced. The SECM technique reported by Bard
et al. provides an effective method for experimentally screen-
ing possible metal-doped ternary metal oxides as photoelectrode

materials [34,42]. In subsequent work, Zn and Ag were screened
by the SECM technique and were found to be effective dopants
for improving the PEC activity of Bi,WOg (12% Zn-Bi;WOg) and
CuBiy 04 (10% Ag-CuBi,04) photoelectrodes [43,44]. In recent years,
the research of high-throughput methods for screening photocat-
alysts has drawn attention [45,46], which could provide approach
references to select ternary metal oxides as photoelectrode mate-
rials. For example, Gao and co-worker reported combinatorial
approaches to screen ABOs-type oxides (A=Y, La, Nd, Sm, Eu, Gd,
Dy, Yb; b=Al and In) as photocatalysts [47]. From their inves-
tigations, YInO3 and YAIO; were identified to be the optimal
photocatalysts since the YInO; and YAIO3 spots with methy-
lene blue solution show noticeable color change before and after
sunlight irradiation. Zhang et. al applied microfluidic chip-based
analytical system for rapid screening of metal-doped TiO, photo-
catalysts [48]. In addition, theoretical calculation methods were
developed to predict and screen photocatalysts. In the work of
Ceder et al,, first principles calculation was used as high throughput
approach to screen nitrides and oxynitrides for solar water-
splitting [49]. Zhou at. al reported the computational screening of
2D materials and rational design of heterojunctions as photocat-
alysts for water splitting [50]. For the quick find of ternary metal
oxide photoelectrodes with high-performance, it is necessary to
build a database of ternary metal oxide photocatalysts through the
combination of experimental and computational screening.

In general, metal doping is a frequently used strategy to modify
the PEC activity of ternary metal oxide photoelectrodes. Nakat-
suj et al. reported Rh-doped SrTiO3 photocathodes has higher
hydrogen-producing efficiency than the undoped SrTiO3 photo-
cathodes [51]. The study by Bohra et al. indicated that a 0.3%
Fe-doped CuWO4 photoanode exhibited 1.5 times the photocur-
rent density and 50% greater charge separation efficiency for water
oxidation compared to an undoped CuWO,4 photoanode at 1.23V
vs.RHE [52]. Our previous work revealed that a 5% Ti-doped BiFeO3
photoanode exhibited a higher charge carrier concentration for
water oxidation than an undoped BiFeOs; photoanode [53]. Ti-
doped ZnFe,04 has been demonstrated to be a better photoanode
material for PEC water splitting relative to the pristine ZnFe, 04
[54].

Nonmetal doping has also been developed as an effective
composition-tuning strategy to modify the electronic and opti-
cal properties of ternary metal oxide semiconductors. It is well
known that O 2p orbitals lay relatively lower than C 2p, S 2p,
N 2p, and P 2p orbitals on the energy scale. Once the oxygen
sites are partially substituted with non-metal anions with higher
energy orbitals, the valance band of ternary metal oxides can
potentially be pushed upward, decreasing the band gap of the
photoelectrode. In their theoretical calculation work, Piskunov
et al. used first-principles calculations to predict that sulfur-doped
SrTiO3 nanotubes are of a visible-light-response band distribu-
tion for the oxygen evolution reaction [55]. Similarly, sulfur-doped
Znlr,04 [56], nitrogen-doped Bi, WO4 [57], nitrogen-doped BiVO4
[58], and nitrogen-doped ZnGa,04 [59] have been predicted to
possess narrower band gap according to the investigations of the-
oretical calculation. In experimental research, the band gaps of
sulfur-doped ZrW,0g [60], nitrogen-doped ZnCaOx [61], nitrogen-
doped BasTa30;5, [62], and nitrogen-doped SrTiO3 [63] have been
demonstrated to be narrower than their undoped counterparts.
In the study by Jo et al. [64], phosphorus-doped BiVO4 was eval-
uated for its potential as a higher activity photoanode material
for water oxidation. A urea-precipitation method was used to
synthesize the phosphorus-doped BiVOyg4, in which a small frac-
tion of VO43-oxoanions were replaced by PO43~ oxoanions in
the precursor solution. This study found that phosphorus dop-
ing into BiVO,4 induces a slight change in the band gap energy
of BiVO,4 (0.01-0.04eV), but results in a significant enhance-
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ment in its PEC water oxidation activity; Bi(VO4)o.995(PO4)0.005
exhibited the best PEC water oxidation activity. Further elec-
trochemical impedance spectroscopy measurements and density
functional theory (DFT) calculations revealed that the charge trans-
fer resistance of the BiVO4 photoanode was remarkably reduced by
phosphorus-doping, and the lattice strain induced by phosphorus-
doping could be advantageous for the separation of electron-hole
pairs. Additionally, fluorine-doped BiVO4 has been investigated as
a higher activity photoanode material for water oxidation [65].

Another typical composition-tuning strategy for the modifica-
tion of ternary metal oxide photoelectrodes is the introduction of
oxygen vacancies. The concept and function of introducing oxy-
gen vacancies was initially demonstrated in binary metal oxide
photocatalysts (such as TiO,, W03, and Fe,03) [66]. OXygen vacan-
cies are typical intrinsic defects that have an obvious influence on
the electronic and optical properties of transition metal oxides via
the manipulation of their donor density [67]. In light of the suc-
cess of oxygen vacancies in binary metal oxide photocatalysts, a
number of studies have been focused on the ternary metal oxide
photoelectrodes with oxygen vacancies. Li et al. reported that
hydrogen-treated BiVOy4 films exhibit significantly enhanced activ-
ity and stability for PEC water oxidation due to the formation of
oxygen vacancies and hydrogen impurities [68]. In the study by
Wang and co-workers, BiVOy4 films with well-controlled oxygen
vacancies were prepared via an electrodeposition process with
a mild thermal treatment process [69]. Since the enriched oxy-
gen vacancies can act as shallow donors in BiVOy, the optimized
BiVO,4 film with oxygen vacancies showed a high photocurrent
density of 6.22mA cm~2 at 1.23V vs. RHE in Na,SO3-containing
solution under AM 1.5 G illumination. Based on the BiVO,4 film with
optimized content of oxygen vacancies, a high solar-to-hydrogen
conversion efficiency of 6.5% for unbiased water splitting was
achieved on an artificial leaf that consisted of BiVO4/FeOOH/NiOOH
dual photoanodes and a single sealed perovskite solar cell (shown in
Fig. 3). Similar enhancement of PEC activity and stability on oxygen
vacancies-containing BiVO, films has also been reported in other
studies [70-72].In addition, several other ternary metal oxides with
oxygen vacancies (such as CuWOy4 [73-75] and ZnFe,04 [76,77])
have been demonstrated to be better photoelectrode materials for
PEC reactions. Notably, compared to metal-doping and nonmetal-
doping, the introduction of oxygen vacancies could improve the
PEC activity and stability of ternary metal oxide photoelectrodes
simultaneously.

Empirically, the PEC reaction efficiency (n) of photoelectrodes
is mainly influenced by the following three factors [11-13]: (i) the
light harvesting efficiency of the semiconductor electrode (ngps);
(ii) the charge separation efficiency of the semiconductor electrode
(nsep); and (iii) the charge injection efficiency of the semiconductor
electrode/electrolyte interface (7;y;). The practical PEC reaction on
photoelectrodes can be expressed as in Eq. (1):

NN=MNabs X Nsep X Ninj (1)

It is commonly recognized that photoelectrodes with a
nanostructure are physically favorable to the PEC reaction. Nanos-
tructured photoelectrodes not only have a high surface area for the
PEC reaction, but also have enhanced capabilities in terms of light
harvesting, charge separation, and collection. Tuning the morphol-
ogy of ternary metal oxides with low carrier mobility and sluggish
PEC kinetics to an optimized nanostructure could improve their PEC
performance.

To alleviate the inefficient charge separation of CuWOQO,4 pho-
toelectrodes, Ye et al. designed and prepared a CuWO4 nanoflake
array film on FTO glass that showed an anodic current density
of ~0.4mA/cm? in potassium borate buffer [78]. The photocur-
rent achieved on their CuWO,4 nanoflake array film was higher
than all previously available bare CuWOy films. Additionally, the
PEC activity of the CuWO,4 nanoflake array film could be further
improved up to 2 mA/cm? by taking advantage of its high surface
area and abundant porosity to couplie with BiVO4 and Ni nanopar-
ticles (see Fig. 4). In other work related to CuWO, photoelectrodes
[78,79], nanostructured CuWOy, films were demonstrated to exhibit
higher PEC performance and were more favorable for the con-
struction of CuWOQ4-based photoelectrodes. In the work of Zhou
et al. [80], 3D nano-flowerlike CuWOy film was prepared on an FTO
glass substrate via the hydrothermal method; this film exhibited
a photocurrent density of 0.58 mA/cm? for PEC water oxidation at
0.8V versus RHE in 0.1 Na;SOg4. On the basis of this 3D nanostruc-
ture, CdS and FeOOH nano-layers were further coupled with the
CuWO,4 nanoflower film. The triple CuWO,4/CdS/FeOOH photoan-
ode showed a higher photocurrent density of about 2.05 mA/cm?
at 0.8V versus RHE as well as excellent operation stability due to
its heterojunction configuration.

Similarly, superior PEC activity has been observed on a series
of nanostructured ternary metal oxide photoelectrodes, including
Bi,WOg [81], ZnFe;04 [82,83], NiV,0¢ [84], and BiVO,4 [85-87].
It is noteworthy that the preparation of nanostructured ternary
metal oxide film is more difficult than binary metal oxide film due
to the thermodynamic difficulty of nucleation on the substrate.
At present, the template-induced method is the most common
method for the preparation of nanostructured ternary metal oxide
films. For example, nanostructured WOs3 film has commonly been
used as a template for the preparation of nanostructured CuWO4
film [78,79], while nanostructured FeOOH and BiOI act as com-
mon templates for the preparation of nanostructured ZnFe,04 and
BiVO4 films [82,83,86], respectively. Other methods such as reac-
tive ballistic deposition [85] and chemical vapor deposition (CVD)
[88,89] usually rely on relatively complicated procedures and con-
ditions for the preparation of nanostructured ternary metal oxide
films. Therefore, the development of a facile and universal method
for the preparation of nanostructured ternary metal oxide films is
critical. In our previous work, polyethylene glycol 600 was found to
be an effective structure-directing agent that functions to optimize
the structure of BiVO4 and W/Mo-doped BiVOy films. Accordingly,
a simple drop-casting method was developed for the preparation
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Fig. 4. (a) Schematic illustration of the conversion process from WO nanoflake arrays to CuWO4 nanoflake arrays, CuWO,4/BiVO4 heterojunction and CuWO,/BiVO4/Ni on
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CuWO04/BiVO,4 and CuWO4/BiVO4/Ni films under chopped illumination. Reprinted by permission from Ref. [78], Copyright of 2016, the American Chemical Society.

of undoped and W/Mo-doped BiVO,4 nanoflake array films [87].
Zhang et al. reported a hydrothermal anion exchange method for
the preparation of porous nanoflake BiMOx (M =W, V, and Mo) pho-
toanodes [90]. In their synthesis process, BiOI film was used as the
universal template and Bi source, and was eventually converted to
a Bi-based porous nanoflake film upon reaction with MOx (M =W,
V, and Mo)-containing precursors.

In PEC reactions, the separation and delivery of charge carrier
largely relies on the depletion region formed at the photoelec-
trodes/electrolyte interface through the band bending [91]. The
depletion region of photoelectrodes is usually in the range of
20-100nm [92,93], which could be manipulated by the impuri-
ties doping and surface morphology controlling. In previous works,
graded doping has been demonstrated to be capable of improving
the PEC activity of ternary metal oxide photoelectrodes through
widening their depletion region. Typically, Liu et. al found that the
depletionregion of n-SrTiO3; photoanodes were widened by heavily
doped with oxygen vacancies in bulk of SrTiO5 and lightly doped on
their surface [94]. The n-SrTiO3; photoanodes with graded oxygen
vacancies show obviously improved solar water splitting activ-
ity. Similar change of depletion region was observed in Ir doped
n-SrTiO3 photoelectrodes, Co-doped and Zn-doped BiVO4 pho-
toanodes [51,95,96]. In addition, tuning the surface morphology
of ternary metal oxide nanocrystal have been used to manipulate
their depletion region for PEC reactions. In the work of Krtil and co-
workers, the PEC water splitting activity of SrTiO3 nano-cubes has
been reported to be closely related to their size due to the change
of depletion region [97].

Coupling of co-catalysts or photocatalysts

Efficient bulk and surface charge separation and transfer are
critical for the PEC reaction of photoelectrodes. The efficiency of
surface charge separation and transfer is interconnected with the
PEC reaction kinetics and stability of the photoelectrodes [20].
Unfortunately, the surface charge separation and transfer prop-
erties, as well as the PEC reaction kinetics, of most ternary metal
oxide photoelectrodes fall short of the requirements of efficient PEC
water splitting and organic synthesis [16]. Proper oxygen or hydro-
gen evolution catalysts coupled with ternary metal oxides have
demonstrated effective improvement in the PEC water splitting
kinetics of ternary metal oxide photoelectrodes. Since the oxy-
gen or hydrogen evolution catalysts have abundant active sites
for the water splitting reaction [98], the water splitting overpo-
tential of ternary metal oxide photoelectrodes could be reduced
through the synergistic reaction with co-catalysts. In theory, once
the photogenerated charge of a ternary metal oxide photoelec-
trode is consumed by the water splitting reaction quickly, the
accumulation of charge on the photoelectrode will decrease. As
a result, the photocorrosion of photoelectrode will be kinetically
suppressed, and simultaneous enhancement in the PEC reaction
stability and activity could be achieved [26]. Additionally, con-
structing proper ternary metal oxide/photocatalyst heterojunction
has function of improving the activity and stability of ternary metal
oxide photoelectrodes. The enhancement of PEC performance of
ternary metal oxide/photocatalyst heterojunction photoelectrodes
is mainly attributed to the band matching effect. The surface charge
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separation and transfer of heterojunction photoelectrodes can be
directionally induced from the ternary metal oxide to the photo-
catalyst through the potential differences in their conduction band
and valence band.

In recent years, transition metal-based oxide/hydroxides
(such as Co, Ni, and Fe-based oxides/hydroxides) have been
identified to be efficient co-catalysts for improving the PEC
performance of ternary metal oxide photoelectrodes [99]. Choi
and co-workers found that FeOOH and NiOOH-coupled BiVO4
have superior PEC water oxidation activity than BiVO,4 [100].
Their results indicated that the water oxidation activity on
the coupled BiVO4 photoanodes obeys the following sequence:
BiVO4/FeOOH/NiOOH > BiVO4/FeOOH > BiVO4/NiOOH/FeOOH~
BiVO4/NiOOH (see Fig. 5a). Furthermore, they demonstrated that
the interface charge recombination of BiVO4/FeOOH was reduced,
and the Helmholtz layer potential drop (V) of BiVO4/NiOOH was
decreased to achieve faster water oxidation kinetics. Accordingly,
the BiVO4/FeOOH/NiOOH photoanodes exhibited long-term sta-
bility and high activity for solar water oxidation, which were
maintained for 48 h without showing any sign of decay (Fig. 5b).
Similar improvements in PEC water oxidation activity have also
been observed for CoOOH-coupled BiVO,4 [101], Co(OH)x-coupled
Bi,WO4 [102], FeFOOH-coupled CuWO,4/CdS [80], and manganese
phosphate (MnPO)-coupled WO3/CuWO,4 [103] photoanodes.

In addition, the PEC activity of ternary metal oxide photoelec-
trodes can also be enhanced by coupling with proper transition
metal-based molecular catalysts. In the study by Creissen et al.
[104], tetraphosphonated Ni bis(diphosphine) (NiP) was evalu-
ated as a molecular catalyst to improve the PEC water reduction
of CuCrO, photocathodes. Combined with the sensitization of
an organic dye (DPP-P), the CuCrO,|DPP-P/NiP photoelectrode
showed higher photovoltage than other current state-of-the-art
materials such as p-Si and GaP, making it well suited for coupling
with a photoanode in tandem water splitting.

The construction of proper semiconductor/semiconductor het-
erojunction is another successful strategy to enhance the PEC
activity of ternary metal oxide photoelectrodes. A typical exam-
ple is the BiVO4/WOs3 heterojunction, which significantly enhances
the PEC activity of BiVO4 and WO3 [105-107]. Lee et al. inves-
tigated the effect of BiVO4/WOs3, BiVO4/TiO;, BiVO4/Sn0O,, and
BiVO4/Fe,05 heterojunctions on the PEC water splitting activity
of BiVO4 photoanode [108]. The band configurations of the above
heterojunctions are presented in Fig. 6a. Since the valence band
potential of WO3 is more positive than that of BiVOy4, the holes
are favorable for travel from WOs3 to BiVOy,. Similarly, the potential
difference in the conduction band between W03 and BiVOQy, is ben-
eficial to the separation of electrons from BiVO4 to WO3. Among
these heterojunction photoanodes, BiVO4/WO3 photoanodes dis-
played optimum water oxidation activity. In comparison with bare

BiVO4 and WOs, the optimized BiVO4/WOj3 heterojunction film
exhibited significant photocurrent enhancement for water oxida-
tion (Fig. 6b and 6c¢). Similar ternary metal oxide/photocatalyst
photoelectrodes, including BiVO4/BiOCI [109], Fe;03/BiVO4 [110],
BiVO,4/TiO, [111], BiVO4/CuWO4 [112], CaFe,04/BiVO4 [113],
MoO3/BiVO,4 [114], Bi;M00Og/M0oO3 [115], Bi;MoOg/TiO; [116],
Zn0O/ZnFe;04 [117], WO3/CuWO,4 [118], BiOCI/Bi;WOg [119], g-
C3Ny4/Bi;WOg [120], and ZnFe;04/TiO, [121], have been widely
investigated and exhibit improved surface charge separation and
transfer efficiency for PEC water splitting. Importantly, another
advantage of the construction of proper photocatalyst/ternary
metal oxide heterojunction photoelectrodes is the enlargement of
light absorption range. For example, the visible light absorption of
Bi,S3/BiVO4 heterojunction photoelectrodes can be extended up to
800 nm due to the presence of Bi,S3 [122]. Homojunction ternary
metal oxide photoelectrodes (such as Bi;MoOg@Bi;Mo0,09 [123]
and BiVOy4/BisV,011 [29]) have also been found to have improved
PEC activity relative to the bare photoelectrode due to their band
matching effect.

For co-catalyst or photocatalyst-coupled ternary metal oxide
photoelectrodes, the heterojunction is essentially formed between
the ternary metal oxide and the coupled component regardless
of the presence of photocatalysts or water splitting catalysts. In
fact, many studies have investigated the ternary metal oxide-based
heterojunction photoelectrodes for their synergistic effects on the
charge separation and transfer as well as the promotion of PEC
reaction kinetics. In the work of Gong’s group. [124], p-type Co304
was introduced as an oxygen evolution catalyst to simultaneously
improve the charge separation and surface reaction kinetics of
BiVO,4 photoanode. Due to the formation of p-n heterojunction
between Co304 and BiVOy, the charge separation and transfer of
the BiVO4 photoanode was improved through the internal electric
field. Meanwhile, Co304 acted as an oxygen evolution co-catalyst
to improve the water oxidation reaction kinetics of BiVO4 pho-
toanode. Relative to the bare ternary metal oxide photoelectrodes,
simultaneous improvement in charge separation and injection
efficiency could be achieved with this type of ternary metal
oxide-based heterojunction photoelectrodes. A similar enhance-
ment in PEC performance was observed with NiO/BiVO,4 [125],
CuWO,/Mn30y4 [126], CoAl-LDH/BiVO,4 [127], and BiVO4/CoMoOy4
[128] photoelectrodes. Based on previous reports and the above
analyses, coupling of a ternary metal oxide photoelectrode with a
co-catalyst with good charge transfer and separation capability is
expected to improve its PEC performance.

Crystal facet-engineering

The PEC reaction is typical liquid-solid interface reaction; the
active crystal facet of semiconductor photoelectrodes is the main
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site where the reactants react with the photogenerated charge.
Consequently, the reactivity and selectivity of semiconductor pho-
toelectrodes in heterogeneous PEC reaction is affected by their
electronic and surface atomic structure, which depends on the
orientation and configuration of the semiconductor crystal facet
[129-131]. Specifically, the adsorption state and quantity of the
reactants on the surface of photoelectrodes are intrinsically con-
trolled by the surface atomic coordination and configuration of the
semiconductor crystal facet [132]. Meanwhile, the effective mass
of the charge carrier on differently orientated crystal facets are
clearly different; charge carrier with smaller effective mass have
higher mobility [133]. Accordingly, the charge transfer behavior
and reaction kinetics of semiconductor photoelectrodes are closely
related to their crystal facets. Crystal facet engineering has shown
huge potential for optimizing the PEC reactivity and selectivity of
ternary metal oxide photoelectrodes [134,135].

Li’s group conducted a theoretical investigation of the electron
and hole transport properties for all low-index BiVOy4 crystals by
means of DFT computation [136]. The activation energy of the elec-
tron and hole transfer in low-index crystal orientations of BiVO,
were calculated and denoted as AGe and AGy, respectively (see
Table 1). Among the low-index crystal facets of BiVOy4, the (001)
facet had the lowest energy barrier of 0.194 eV for electron trans-
fer, and the (100) facet had the lowest energy barrier of 0.433 eV for
hole transfer. According to Einstein’s formula, they further calcu-
lated the electron and hole mobility along the low-index crystal
direction of BiVO4. The mobility of the electron (i) along the
[010] direction of BiVO4 was largest (8.53 x 10~4 cm?2/Vs) rela-
tive to the other low-index crystal directions, while the mobility
of the hole (up) along the [100] direction of BiVO4 was largest
(5.64 x 108 cm?2/Vs). These calculations indicate that the intrinsic
electron and hole transport properties in anisotropic semicon-
ductors are essentially related to charge separation between the
different facets. Similar conclusions have been reached in previ-

Table 1
Electron and hole transfer paths and the corresponding facets. Reprinted by permis-
sion from Ref. [136], Copyright of 2015, the Royal Society of Chemistry.

Crystal  Crystal AGe (eV)  AGp(eV) e (cm?/Vs)  p; (cm?/Vs)
Axis Surface

[010] (010) 0.226 0.848 853 x 104 3.10x 10714
[110] (110) 0.576 0.707 136x10°9  8.63x10-12
[100] (100) 0.301 0.433 926x106  564x10-8
[001] (001) 0.194 0.734 556 x 107 481 %1013
[101] (101) 0.345 0.799 3.29x 1076 7.90 x 10-14
[011] (011) 0.231 0.844 836x10%  4.30x10-14
[111] (111) 0.549 0.831 1.12x10°° 2.07 x 10714

AG, and AGy, are the activation energy of electrons and holes, respectively; i, and
/up are the mobility of electrons and holes, respectively.

ous studies that have calculated the charge transport parameters
of crystal facets of BiVO,4 [137,138]. The as-obtained calculation
results suggested that BiVO,4 with highly exposed (010), (001), and
(100) facets may be of high photocatalytic activity.

In particular, Yang et al. used DFT calculations to systemati-
cally investigate the solar water oxidation reaction on BiVO4 with
different crystal facets; five aspects were evaluated: (1) photoexci-
tation, (2) electron-hole transport, (3) dipole moment, (4) water
adsorption, and (5) the potential surface of O, evolution [138].
Their results confirmed that the water oxidation on the (010) facet
of BiVO4 is more favorable relative to on other low-index facets;
the (010) facet is not only conducive to charge mobility, but also
exhibits greater water adsorption and a lower energy barrier in
the water splitting process. The charge-transport differences in dif-
ferent crystal facets of other ternary metal oxides have also been
found in recent years [139,140]. Hashim et al. found that the sur-
face atomic configuration of the tetragonal PbMoO4 (001) facet is
similar to the monoclinic BiVO4 (010) facet, with the PbMoO4 with
(001) facet displaying high photocatalytic activity [140].
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In the experimental study of Song et al., epitaxial BiVO4 film
with different crystallographic orientations was synthesized and
investigated as a photoanode for water oxidation [141]. The c-axis-
oriented epitaxial BiVO4 (001) film was grown on yttria-stabilized
zirconia (001) substrates, whereas the b-axis-oriented epitaxial
BiVO4 (010) film was grown on SrTiO3 (001) substrates (shown in
Fig. 7). The photocurrent density of BiVO4 with a (010) orientation
(2.29mA cm—2) was much higher than that of BiVO4 with a (001)
orientation (0.74mA cm~2) in 0.5 M Na,S04-Na,S03 at 1.23V vs.
RHE. Further, the BiVO,4 film with a (010) orientation exhibited a
marked improvement in PEC water oxidation activity relative to
the BiVO, film with a (001) orientation. The PEC activity difference
on the two orientations of BiVO4 film can primarily be attributed
to the charge transport property differences between the (010) and
(001) orientations. The specific influence of crystal facets on the PEC
activity of BiVOy4 requires further study and identification. Recent
work by Han et al. reported differing PEC activity observations
on a BiVO4 photoanode with a preferred [001] orientation [142].
They observed that pristine BiVO,4 with a preferred [001] growth
orientation and exposed (001) facet has excellent PEC water oxida-
tion activity. In addition, our recent study indicated that the BiVO,
polyhedral films with exposed {121}, {132}, {211}, and {251} high-

index facets have higher activity and faster PEC water oxidation
kinetics than the normal BiVO, films with only {121} mono-high-
index facet [143]. The adsorption of HO molecules on BiVO,4 {121}
and {132} high-index facets is energetically favorable for subse-
quentdissociation and oxidation relative to thaton {010} and {110}
low-index facets. Furthermore, the water oxidation limiting step
and its overpotential on the {121} and {132} high-index facets
of BiVOy is different from that on the {010} and {110} low-index
facets (shown in Fig. 8) [143]. On the basis of the above data, we
presumed that the high-index crystal facets of BiVO,4 could provide
highly active catalytic sites to decrease the overpotential for the PEC
reaction, thereby improving the PEC kinetics of BiVO4 photoelec-
trodes. On the other hand, the low-index facets of BiVO4 potentially
affect the charge separation and transfer property; thus, enhanced
PEC activity can be achieved on BiVO4 photoelectrodes with proper
low-index facets.

Crystal facet engineering also functions to regulate the sur-
face energy of semiconductor photoelectrodes. The structure of
ternary metal oxide photoelectrodes comprises multi-atom orbital
hybridization, which usually results in the formation of dangling
bonds and high surface energy. Ternary metal oxide photoelec-
trodes with high energy surface states generally form native
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electron-hole recombination centers on their surface; these are dis-
advantageous for the PEC reaction. For example, the broken Bi-O
dangling bonds on the crystal facets of BiVO4 induce its high sur-
face energy [144,145], which leads to high recombination of surface
charge. Kim et al. calculated and compared the surface energy of
typical crystal facets of BiVO4 [146]. They found that the BiVO,
(001) facet has the highest surface energy of 2.5234 ]/m?2, while the
(040) facet has the lowest surface energy (0.0479]/m?2). Based on
these calculations, Kim et al. synthesized a (040)-crystal facet engi-
neered BiVO,4 photoanode for water oxidation. Due to the lower
surface energy, the BiVO4 photoanode with a (040) facet was favor-
able for charge carrier mobility, and thus higher solar light energy
conversion efficiency was achieved. Their findings may be used to
explain the previous experimental observation of enhanced PEC
performance on the BiVO4 photoanode with exposed (040) facets
[147].

Since the electronic density states and structures of crystal
facets determine the band position of semiconductor, in addition
to the regulation of reactivity, the selectivity of ternary metal oxide
photoelectrodes can also be altered through crystal facet engineer-
ing [148]. Forinstance, Song et al. reported that the BiVO,4 (010) film
has a narrower band gap of ca. 2.68 eV relative to the BiVO4 (001)
film (ca. 2.72 eV) [141]. Hu et al. found that the surface energy level
of the minimum conduction band was more positive for BiTaO4 pre-
dominantly surrounding the (001) facet than that for typical BiTaO4
[149]. Thus, the (001) facet of BiTaO4 with a higher conduction band
can generate more reductive electrons, which is beneficial for the
photocatalytic reaction.

At present, crystal facet engineering of ternary metal oxides has
primarily been performed on powder-photocatalysts [150-152].
The development of crystal facet engineering on ternary metal
oxide photoelectrodes is a challenge due to the difficult prepa-
ration of ternary metal oxide films with the desired facets.
Therefore, efforts are needed to overcome the preparation bottle-
neck of ternary metal oxide films and to clarify the PEC reaction

mechanisms on different crystal facets of ternary metal oxide pho-
toelectrodes.

Photoelectrochemical applications of ternary metal oxide
photoelectrodes

Photoelectrochemical water splitting

Ternary metal oxide photoanodes

Metal vanadates. BiVOy4 is typical metal vanadate, and has been
identified to be one of the most promising photoanode materials
due to its unique band structures and properties [153]. A moder-
ate band gap of ~2.4eV allows it to absorb ~11% solar light and
achieve a theoretical maximum AM1.5 G photocurrent of ~7.6 mA
cm~2, reflecting a STH efficiency of ~9.3%. Well-positioned band
edges (conduction band minimum at ~0V vs RHE) enable it to
generate considerable photocurrent at a relatively low bias as com-
pared to the onset of dark water oxidation (1.23V vs RHE). BiVO,4
was first investigated as a photoelectrode around 1999 [154], and
since then this vanadate has received extensive research attention
with respect to solar water splitting. However, initially, BiVO,4 did
not exhibit PEC water oxidation performance (only a few tenths
of mA cm~2 in photocurrent) as expected due to several limi-
tations including poor charge transport properties and sluggish
water oxidation kinetics. Previous research has found that charge
carrier of BiVOy4 are transported via a small polaron hopping con-
duction mechanism which results in relatively low carrier mobility
[24,30]. As described in the above sections, numerous attempts
have been made to address these performance issues for BiVO,4 pho-
toanode. Among them, WO3/BiVO4+CoP; core-shell nanostructured
photoanodes exhibit an impressive water oxidation photocurrent
0of 6.72 mA cm~2 under AM 1.5 G illumination at 1.23 vs RHE, which
corresponds to ~90% of the theoretically possible value for BiVOy4
[155]. Fig. 9 illustrates the micro-structure and functional mecha-
nisms of WO3/BiVO4+CoP; photoelectrode for solar water splitting.
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Notably, the maximum STH efficiency of BiVO,4 photoelectrode
with a light adsorption edge of ~516nm is only ~9.3%, which
is below the threshold for the practical application of PEC water
splitting (10%). Hence, the exploration of other metal vanadates
with narrow band gap has been simultaneously conducted in
recent years. Copper(Il)-based vanadates (such as, a-CuV,0g, a-
Cuy V5,07, ﬂ—CUZV207, )/—CU3V2 08, and CU11V6026) with band gap at
or below 2 eV have been investigated as potential photoanodes due
to their superior visible light absorption ability [156-160]. Zhou
et al. explored four copper-based vanadates are composed of diva-
lent copper and pentavalent vanadium (a-Cu;V,07, B-CuzV,07,
v-Cu3V;,0g, and Cuy1Vg026) as photoanodes using high through-
put combinatorial discovery techniques [156]. They found that
the Fingerite phase (Cuy1VgO,6) exhibits excellent stability in a
strong alkaline electrolyte, while McBirneyite phase (y-CusV,0g)
has admirable PEC activity (1.5mA cm~2 in pH 9 electrolyte) and
photostability in electrolytes with pHs of 7, 9, and 13. Seabold
et al. prepared porous Cu3V,0g thin films using the dip-coating
method and investigated its physical properties and PEC activity
[157]. They investigations indicated that Cu3V,0g possesses an
indirect band gap of 2.05eV and its flat-band potential is around
0.66 V vs RHE. Meanwhile, the electron diffusion length and O, evo-
lution faradaic efficiency of Cu3zV,0g photoanode were ~100 nm
and near 100%, respectively, within three minutes of measure-
ment. In previous work, we have prepared and investigated CuV,Og
and Cu,V,07 thin films as photoanodes for solar water splitting
[158]. The photocurrent density of CuV,0g and Cu,V,07 films
at 1.23V vs RHE in 0.1 M NaB; buffer solution were about 25
and 35 wA/cm?, respectively. Lumley and co-workers reported an
n-type Cu;1Vg0y6 with a bad gap of 1.9eV, and the Cuy1VgOy6
showed PEC water splitting activity in weak alkaline solution [160].

In addition, Zhou et al. investigated the stability of several cop-
per vanadates through combination of Pourbaix calculations and
combinatorial experimentation. Their study revealed that the Cu-
rich vanadates (Cuy1VgO,6 and y-CuzV,0g) can attain long-term
PEC stability by self-passivation [159]. It is worth noting that,
with increasing Cu:V atomic ratio, the Cu-rich vanadates exhibited
higher absorption coefficients and charge separation efficiency, but
lower charge injection efficiency due to the charge recombination
at Cu-related surface states. Given its physical properties and PEC
activity, y-Cu3V,0g is considered to be the most promising cop-
per vanadate photoanode for solar water splitting. An illustration
of the band structure of y-Cu3V,0g is shown in Fig. 10a. Never-
theless, as shown in Fig. 10b, previous efforts have not yet yielded
a suitable photocurrent density (dozens of wA cm?) despite the
relatively narrow band gap of y-Cu3V,0g (maximum theoretical
photocurrent density is ~13 mA cm?). The unsatisfactory PEC activ-
ity of y-Cu3V,0g is probably attributed to its short hole diffusion
length (20-40 nm) and large absorption depth, as reported by Jiang
et al. (Fig. 10c and d) [161]. Therefore, future researches should
focus on these disadvantages to expand the utilization potential of
copper vanadate photoanodes.

In addition to the copper-based vanadates, several other metal-
based vanadates also have been investigated as photoanode
materials for PEC water splitting. Yan et al. identified S-Mn;V,07
as a highly promising light absorber with a desirable band gap of
~1.75(%0.1) eV for PEC water splitting [162]. Although 8-Mn,V,07
is not very photoactive for water oxidation, its position of conduc-
tion and valence band match very well for water redox potentials.
FeVO4 was synthesized and investigated as a photoanode material
for solar water oxidation by Morton’s group [163]. Their findings
revealed that FeVO,4 has an indirect band gap of ~2.0eV and its
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Fig. 10. (a) Illustration of the optoelectronic structure of y-Cu3V,0g with respect to the vacuum level. (b) Linear sweep voltammetry (LSV) measurement of a y-Cu3V,0sg
photoelectrode under chopped front-side illumination by simulated AM1.5 irradiation at 1 sun intensity. The scan rate was 50 mV/s. (c¢) Photocurrent densities under AM1.5 G
simulated irradiation at 1 sun intensity, with illumination from the front-side (red) and back-side (blue), as a function of film thickness. (d) Backside illuminated photocurrent
density with 340 nm irradiation. Dashed lines are the modeled photocurrent decay with 20, 40, and 60 nm hole diffusion lengths. All measurements were obtained at an
applied electrochemical bias of 1.23 V versus RHE. Reprinted by permission from Ref. [161], Copyright of 2017, the American Chemical Society.

photocurrent gradually increase with increasing annealing tem-
perature. Mandal et al. studied three different stoichiometric iron
vanadates (FeVOQyg4, FeV,04, and Fe,VO,), and found FeV,04 has the
highest photocurrent (0.18mA cm~2 at 1.0V vs Ag/AgCl) under
100 mW cm illumination [164]. NiV,0g, another a metal-based
vanadate capable of absorbing visible light, has been demonstrated
to have adirect band gap of2.38 eV and shows measurable photoac-
tivity under visible light illumination [84]. Sameie et al. investigated
the structural, electronic, and optical properties of two photoanode
candidates, ZnV,0g and Zn,V,07, using first principles calcula-
tions [165]. Their results showed that ZnV,0g and Zn,V,0- have
favorable band gaps (2.31 and 2.52 eV) and appropriate band edge
positions for the oxygen evolution reaction. InVO,4, with an indirect
band gap of 3.2 eV, was reported to have a flat band potential of -
0.04V vs. RHE and high stability over a wide pH range (3-11)[166].
Chemelewski and co-workers systematically studied the PEC prop-
erties of a-Ag3VO0, thin films [167]. Although most studies have
suggested that the PEC activity of above metal-based vanadates for
solar water splitting is not satisfactory, these works revealed many
intrinsic properties of metal-based vanadates and provided refer-
ence to develop more efficient ternary metal oxide photoelectrodes
in future.

Metal tungstates and molybdates. Among the ternary metal
tungstates, triclinic CuWO,4 has been extensively studied as pho-
toanode material due to its small band gap (~2.3 eV) capable of
using visible light, high Faradaic oxygen evolution efficiency in a
variety of electrolytes, and robust stability under highly oxidizing

conditions [168]. As shown in Fig. 11a, CulWOy4 has a triclinic crys-
tal structure (space group P1), where the metal-oxygen Jahn-Teller
distorted octahedral (CuOg and WOg) of one type shares edges
and forms zigzag chains along the c-axis. The zigzag chains are
arranged in alternating layers that are perpendicular to the a-axis
direction [169]. In comparison with WOs3, the narrower band gap
of CuWO,4 can be explained by the lower valence band edge due
to the hybridization of Cu(3d) and O(2p) orbitals (Fig. 11b) [168].
The improved stability of CuWOQy,4 in a neutral electrolyte compared
to WO3 can also be traced to the strong Cu-O bond, which lim-
its the formation of soluble tungstate. Due to the potential PEC
activity of CuWOQy,, various methods have been applied to syn-
thesize CuWO, films for PEC water oxidation. Significantly, the
pristine CuWO,4 photoanode does not exhibit expected activity for
solar water oxidation. Bartlett’s group systematically investigated
the mechanisms of charge transport in CuWOQy, and attributed the
mismatching performance of CuWO4 photoanode for solar water
oxidation to the sluggish hole transfer from the photoanode to
the electrolyte [170]. From their electrochemical impedance spec-
troscopy measurements, a midgap state is identified in CuWOQy, as
illustrated in Fig. 11c. The midgap state of CuWOQy is likely com-
posed of Cu(3d) orbitals, which could act as recombination centers
for the holes and electrons on the surface of Cu WO, photoanode,
and affect the transfer of charge at the interface between the pho-
toanode and electrolyte. In their work, this mid-gap state has been
considered to be a permanent state in the electronic structure of
CuWOy, rather than a photogenerated one. However, a recent study
by Gao et al. suggested that the surface impediment of CuWO4
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Fig. 11. (a) Crystal structure and the first Brillouin zone of the triclinic CuWOy4 (space group P1 (No. 2)). Reprinted by permission from Ref. [169], Copyright of 2012, Elsevier
Ltd.. (b) Electronic structures of CuWO4 and WOs. Band edge potentials are referenced to the reversible hydrogen electrode, RHE. Reprinted by permission from Ref. [168],
Copyright of 2016, the American Chemical Society. (c) Proposed physical model for charge-carrier pathways in CuWOy4: excitation, midgap state trapping, and charge-transfer
reactions to solution. W represents the depletion width, and the red arrows correspond to the charge-transfer processes measured by EIS. Reprinted by permission from Ref.
[170], Copyright of 2013, the American Chemical Society. Bode phase plots of CuWO, electrode at 0.93V vs RHE (d) in the dark and (e) under 1 sun illumination and (f) at
1.53V vs RHE under 1 sun illumination. Data measured in H,O (black squares) and 0.5 M Na,SOs; (red circles) are shown. Fitted curves are shown as black dashed lines for
H, 0 and red dotted lines for Na,SOj3. Reprinted by permission from Ref. [171], Copyright of 2017, the American Chemical Society.

photoanode is due to the buildup of water oxidation intermedi-
ate species on the surface of CuWOQy, rather than a permanent or
intrinsic midgap as reported by Pyper et al. [171]. The authors con-
structed Bode plots indicating the capacitive elements that appear
in the electrochemical impedance spectroscopy (Fig. 11d, e, and
f). In the dark, the plots only showed one peak at all potentials
in either a H,O or Na,SOs3 electrolyte. Under illumination, two
capacitive peaks were clearly observed in the Bode phase plot for
CuWOy electrodes in the H,O electrolyte. Further, there was only
one peak observed under illumination in the Na,SO3 electrolyte.
Therefore, the authors assigned this peak to a water oxidation
intermediate species as opposed to an intrinsic state. These efforts
provided insight into the PEC activity limitation of CuWO,4 pho-
toanode, and suggested the development directions with regard to
potential modification strategies to further improve its PEC activity.

Furthermore, Bi; WOg and Bi;MoOg have been studied as poten-
tial W or Mo-based ternary oxide photoanodes for solar water
oxidation. The band gap of Bi, WOg was reported to be 2.7-2.8 eV,
and its conduction band edge was slightly more negative than
the potential of proton reduction, meeting the thermodynamic
requirements for PEC water splitting with low or no applied bias.
Hill et al. prepared polycrystalline Bi, WOg photelectrodes using a
combination approach of electrochemical deposition and thermal
treatment, and investigated their photocurrent-to-O, conversion
efficiency and photostability [172]. Although Bi; WOg suffers from
photocorrosion, improving its charge transport property could
make Bi,WOg a promising photoanode for solar water oxidation.
Bi;MoOg also be investigated as photoanode material owing to
its appropriate band gap (2.5-2.8 eV), excellent chemical stabil-
ity, and photocorrosion resistance. Cai et al. synthesized a novel
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3D Bi;MoOg-based photoelectrode and achieved a suitable pho-
tocurrent for solar water oxidation by applying self-supported
Si nanowires as core materials [173]. Additionally, a-SnWOQy,4
[174], Fe;WOg [175], NiWO4 [176], ZnWO4 [177], CAWO,4 [178],
Bi;Mo0,0g [123], and Bi;Mo301, [179] have also been identified
as photoanodes for solar water oxidation. The physical properties
and PEC activity of these photoanode materials are summarized in
Table 2.

Other ternary metal oxides. In the past years, several spinel ferrites
(MFe;04, M=Zn, Cu, Mg, Ca) have been investigated as photoan-
ode materials for solar water oxidation. Typically, n-type ZnFe;04
has attracted significant attention owing to its small band gap of
~2.0eV,its photochemical stability in basic electrolyte, and its suit-
able valance band position [180]. Since the water oxidation activity
of pristine ZnFe, 04 photoanode fall short of expectations, ZnFe;04
usually be applied as a component to couple with other photo-
catalysts, and form heterojunction photoelectrodes with higher
PEC activity. For example, given that the conduction band posi-
tion of ZnFe,04 is ~0.2V more negative than that of Fe,0s, the
a-Fe,03/ZnFe,04 heterojunction photoelectrode shows a signifi-
cantly enhanced water oxidation performance compared to bare
Fe,03 and ZnFe,04 photoelectrode [82]. Similar improvement in
PEC activity was observed on BiVO4/ZnFe,04 [181], TiO,/ZnFe,04
[182] and ZnO/ZnFe,;0,4 photoelectrodes [183]. In more recent
work, the PEC activity of ZnFe,0,4 photoelectrode was improved
with a hybrid microwave annealing method by improving the
crystallinity and reducing the surface defect states of the mate-
rial [184]. This work highlights the potential of ZnFe,04 for solar
water splitting; its performance is expected to be further improved
through other modification strategies like doping or nanostructur-
ing [76,82]. Furthermore, SrTiO3 [185], CaTiO3 [186], MnTiO3 [187],
FeTiO3 [187], CoTiO3 [187], NiTiO3 [187], SnyTiO4 [188], CuFe;04
[189], BiFeO3 [190], and CuSnO3 [191] have also been synthesized
and investigated as photoanodes for solar water oxidation. The
physical properties and PEC activity of these ternary metal oxide
photoanodes are summarized in Table 2. Among them, SrTiO3 has
attracted significant research attention because it can transfer from
an n-type to a p-type through Rh doping [192].

Ternary metal oxide photocathodes

Copper-based ternary metal oxides are investigated as photo-
cathode materials for solar water reduction. Among these various
copper-based ternary metal oxides, CuFeO, has been most stud-
ied due to its small band gap (~1.5eV), relatively positive onset
potential, abundant resources, and relatively good photostability
in aqueous electrolytes (Fig. 12a) [193]. Read et al. synthesized
CuFeO, film using a facile electrochemical method, and demon-
strated that CuFeO, film is capable of photoelectrochemically
producing H, using the entire range of the visible spectrum [193].
Unfortunately, they also demonstrated that pristine CuFeO, is of
poor PEC activity for H, evolution. Prévot et al. prepared thin films
of p-type CuFeO, using a sol-gel-based technique [194]. The PEC
activity of as-prepared CuFeO, film was enhanced by improving
its charge separation and transport properties through thermally
intercalating oxygen in its layered structure. More recently, Jang
et al. reported a CuFeO, thin film and demonstrated that hybrid
microwave annealing (HMA) can increase its photocurrent den-
sity by improving its charge transport property (Fig. 12d) [195].
Although these studies have demonstrated that CuFeO, is a promis-
ing photocathode material for solar water reduction, continued
efforts focusing on increasing its charge separation efficiency and
optimizing its interface are needed for further expansion of its PEC
application.

P-type CuBi, 04 has also been intensively investigated as pho-
tocathode material for water reduction because of its impressive

absorption ability of visible light and suitable band edge position
for water reduction reaction [196-200]. As shown in Fig. 13a, the
structure of CuBi,04 consists of planar CuO4 complexes that are
stacked along the c-axis in a staggered manner. Between the stacks
of CuQy, each Bi atom is connected to six O atoms with three dif-
ferent bond distances [197]. Hahn et al. synthesized thin films of
p-CuBi, 04 by electrodeposition and investigated their PEC activity
for solar water reduction [197]. Similar as most of copper-based
ternary metal oxides, pristine CuBi,O4 photoelectrodes exhibited
a relatively low photocurrent density for water oxidation reac-
tion. For the modification of CuBi, 04 photocathode, Berglund et al.
did several classic works. They firstly found that Ag-doping can
improve the PEC activity of CuBi,04 using SECM technique [198].
Then, this observation was demonstrated by Kang et al. (Fig. 13b)
[199]. In addition, Berglund et al. demonstrated that PEC perfor-
mance limiting factors of CuBi,O4 photocathode and provided a
gradient self-doping way to improve the charge separation effi-
ciency of CuBi, 04 photocathode (Fig. 13c and d) [200]. In general,
these efforts have significant improvement in PEC activity CuBi; 04
photocathode, but the PEC stability issue of CuBi; O4 that originated
from its photo-corrosion is still challenging.

Apart from copper-based ternary metal oxides, other p-type
ternary metal oxides have been widely investigated as photocath-
ode materials for solar water splitting. Fox example, Park et al.
investigated p-type AgRhO, as a photocathode material for PEC
water splitting [201]. It was found that AgRhO, has a band gap
of ~1.7 eV and a flat band potential of ~0.51V vs. Ag/AgCl in 0.5M
KNOs3. The AgRhO, photocathode exhibited nearly 100% Faradaic
efficiency for H, evolution across a wide range of pH values, as well
as good photostability. Similar identification was performed on sev-
eral ternary metal oxides, such as CuFe,04 [202], CaFe,04 [203],
NiFe,04 [204], CuNbO3 [205], CuCrO, [206], CuRhO, [207], CuYO,
[208],CuGa0, [209], CuMnO, [210],and PbMo0O4 [211].Some of the
physical properties and PEC activity of these p-type ternary metal
oxides are summarized in Table 3.

Photoelectrochemical organic synthesis

PEC water splitting is a clean approach to produce H; fuel using
solar energy, but the activity of hydrogen evolution on the cathode
is usually restricted by the sluggish kinetics of the oxygen evolu-
tion on the photoanode [215,216]. H, fuel is actually the desired
product of PEC water splitting, while the O, produced from the pho-
toanode has a lower economic value. In recent years, PEC organic
synthesis has been developed as an alternative to the production
of O, on the photoanode; it is considered to be an environmen-
tally friendly approach to produce valuable organic products using
solar energy [8]. Like PEC water splitting, PEC organic synthe-
sis is essentially driven by the photoinduced holes or electrons
from the semiconductor photoelectrodes under solar illumination
[217,218]. Therefore, if a suitable organic reaction is initiated by the
photogenerated holes on the photoanode, H; fuel can be obtained
on the cathode simultaneously. The combination of PEC water split-
ting and organic synthesis will increase the economic value of
products obtained from semiconductor photoelectrodes, and the
limitations of kinetically unfavorable oxygen evolution on the pho-
toanode can potentially be addressed. As the heart of the PEC cell,
the fundamental properties of photoelectrodes determine its effi-
ciency for water splitting and organic synthesis. In this section,
several PEC organic synthesis reactions on ternary metal oxide
photoelectrodes are highlighted, and the selection of the solvent,
photoelectrode material, and redox mediator for PEC organic syn-
thesis are discussed.

5-hydroxymethylfurfural (HMF) is an important intermediate
in biomass conversion; it can be used as a platform molecule to
produce several industrial chemicals. 2, 5-furandicarboxylic acid



Table 2

Key material properties and PEC activity parameters of ternary metal oxides that have been identified as photoanodes for solar water oxidation.

Ternary metal Synthetic method Band gap Light source and filter Flat-band Electrolyte and pH Photocurrent Reference
oxide (eV) potential (mA/cm?)?
BiVO4 Electrodeposition ~2.5 300W Xe lamp AM 1.5G ~0.11V vs. RHE 0.5MKP; (7) ~1.7 Ref. [100]
a-CuV, 06 Drop-casting ~1.95 150 W xenon lamp AM 1.5G 0.74-0.80V 0.1 M NaBi (9.2) ~0.025 Ref. [158]
vs. RHE
a-CuyV,07 Sputter deposition 1.9+0.1 ABET Sun 3000 AM 1.5G / KBi buffer (9.2) 1.5-2 Ref. [156]
B-Cuy V.0 Drop-casting ~1.98 150 W xenon lamp AM 1.5G 0.68-0.77V 0.1 M NaBi (9.2) ~0.035 Ref. [158]
vs. RHE
Dip-coating 2.05 300 W Xe arc lamp GaPo.9gNo.02 0.66V vs. RHE 0.1MKBi (9.2) ~0.018 Ref. [157]
’y-CU3V203 .
Vanadates photodiode
Co-sputtering 1.80 165-300-002 AM 1.5G 0.70V vs. RHE NaBi buffer (9.2) ~0.062 Ref. [161]
Cuy1VeOas Electrodeposition+ 1.90 300W Xe lamp AM 1.5G 0.64-0.73V NaBi buffer (9.2) ~0.010 Ref. [160]
Thermal treatment vs. RHE
Co-sputtering 1.83 16S-300-002 AM 1.5G / 0.1 M KBi (9.3) ~0.053 Ref. [212]
CusV,019 Co-sputtering 2.03 16S-300-002 AM 1.5G / 0.1 M KBi (9.3) ~0.001 Ref. [212]
FeVO, Precipitation+ Drop casting 2.00 150WXe lamp AM 1.5G 0.5M NaOH ~0.012 Ref. [163]
Drop casting ~1.9eV 300W Xe arc lamp 0.08V vs. Phosphate buffer + ~0.025 Ref. [164]
Ag/AgCl 0.1 M SO4%~
Fe,V4043 SILAR ~23eV 150 W xenon lamp AM 1.5G 0.5V vs. RHE 0.1 M NaBi (9.2) ~0.016 Ref. [213]
NiV,0¢ Co-evaporating ~2.4eV 150 W xenon lamp AM 1.5G 0.6V vs. RHE 1M KOH ~0.020 Ref. [84]
InVO4 Spray pyrolysis ~3.2eV 375nm LED —0.04V vs. RHE 0.1 M KOH ~0.0001 Ref. [166]
AgsVO04 SILAR 22eV 150 W Xe lamp AM 1.5G / 0.2 M Na,COs ~0.0018 Ref. [167]
CuWO4 Electrodeposition 2.25eV 150 W Xe lamp AM 1.5G +0.4V vs. RHE 0.1 M KP; (7.0) ~0.19 Ref. [171]
Bi,WOg Electrodeposition+ 2.8eV 300 W xenon lamp AM 1.5G —0.02-0.27 vs. 0.05M H,S04 (1) ~0.30 Ref. [172]
Thermal treatment RHE
a-SnWO4 Hydrothermal conversion ~2.2 Xe lamp AM 1.5G ~—0.06 vs. RHE 0.5M KPi (7) ~0.08 Ref. [174]
Tungstates & Fe, WOg Spray pyrolysis ~2.1 300W Xe lamp AM 1.5G ~0.65 vs. RHE 0.1 M KOH ~0.07 Ref. [175]
Molybdates NiWO4 Hydrothermal+ Thermal ~2.2 500 W Xe lamp ~-0.45 vs. / / Ref. [176]
treatment Ag/AgCl
ZnWO4 Dispensing 33 150 W xenon lamp —0.17 vs. RHE 0.1 M Na,S04 (7) ~0.017 Ref. [177]
CdWO0, Solvothermal ~3.95 CHF-XM-500W / / / Ref. [178]
Bi;MoOs Electrodeposition+ 2.6 150 W Xe lamp AM 1.5G ~0.3 Vvs. RHE 0.1 M KPi (7) ~0.065 Ref. [214]
Thermal treatment
Bi; Mo, 09 SILAR 3.2 300W Xe lamp AM 1.5G ~0.28V vs. RHE 0.5M KPi (7) ~0.020 Ref. [123]
Bi;Mo3012 Electrodeposition+ 3.0 300W xenon lamp AM 1.5G 0.36V vs. RHE 0.1 M KPi (7.6) ~0.005 Ref. [179]
Thermal treatment
ZnFe;04 Atomic layer deposition 2.01 Xe lamp AM 1.5 0.64 vs. RHE 0.1 M NaOH ~0.26 Ref. [77]
SrTiO3 Pulsed laser 3.2 Tungsten halogen lamp AM 1.5 -0.60~-0.75V 3MKCI ~0.2 Ref. [185]
deposition vs. Ag/AgCl
CaTiOs Anodic oxidation+ ~3.4 Mercury lamp high-pressure —0.32 vs. 0.5M Na;S04 ~4 Ref. [186]
Thermal treatment UV illumination Ag/AgCl
MnTiO; 2.83 ~0.006
Others Ei.li%i Pulsed laser deposition ;23 500 W Xe lamp / 0.1 M NaOH (13) :gg;g Ref. [187]
NiTiO3 2.89 ~0.042
Sn, TiO4 Flux-mediated ~1.55 300W Xe lamp AM 1.5G ~-0.46 vs. RHE 0.5M Na,S04 ~0.018 Ref. [188]
CuFe,04 Electrodeposition+ ~1.9 450 W Xe lamp AM 1.5G 0.8 vs. RHE 0.1 M NaOH ~0.0007 Ref. [189]
Thermal treatment
BiFeO3 Solid-state reaction ~2.6 150 W Xe lamp AM 1.5G ~-0.2 vs. RHE 0.5M Na,SO4 (pH 5.67) / Ref. [190]
CuSnOs3 Spin-coating ~2.3 Model 94011A AM 1.5G 0.21 vs. RHE 0.1 M Na,S04 (6.5) ~0.06 Ref. [191]

3All photocurrent densities are relative to the potential of 1.23V vs. RHE.
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Fig. 12. (a) UV-vis-NIR absorption spectrum, (b) open circuit photovoltage (V,.) measurement with varying light intensity, and (c) Mott-Schottky plots at 5kHz (O) and
10kHz (m) of crystalline CuFeO, film measured in 1M NaOH. Reprinted by permission from Ref. [193], Copyright of 2012, the American Chemical Society. (d) Current (J) -
potential (V) curves recorded with the photocathodes of untreated CuFeO, (CFO), and post-treated CFO by hybrid microwave annealing (HMA) for different durations of 1, 3,
5,10 and 15 min. For the control, the CFO was post-treated by conventional thermal annealing (CTA). The photoreduction was performed in 1 M NaOH electrolyte. Reprinted

by permission from Ref. [195], Copyright of 2016, the American Chemical Society.

Table 3
Key material properties and PEC activity parameters of ternary metal oxides that have been identified as photocathodes for solar water reduction.
Ternary metal Synthetic method Band gap Light source and filter Flat-band potential Electrolyte and  Photocurrent Reference
oxide (eV) pH (mA/cm?)
. Electrodeposition ~1.8 100 W Xe lamp 1.05 vs. RHE Na,S04 (10.8) ~0.045 at 0.7 vs. RHE Ref. [196]
CuBiz04 AM1.5G
Drop-casting 1.6-1.8 WACOM AM1.5G 1.26-1.43 vs. RHE 0.2 M KP; (6.6) ~0.3 at 0.4 vs. RHE Ref. [197]
Electrodeposition 1.55 300W Xe lamp 0.98-1.3 vs. RHE 1M NaOH ~0.085 at 0.6 vs. RHE Ref. [193]
CuFeO,
AM1.5G
Sol-gel 1.47 450 W Xe lamp 1.05 vs. RHE 1M NaOH 0.025 at 0.4 vs. RHE Ref. [194]
AM1.5G
CuFe;04 Hydrothermal 1.42 150 W Xe lamp 0.14 vs. RHE 0.2 M Na,S04 0.0004 at 0V vs. RHE Ref. [202]
(~6)
CaFe;04 Solution method 1.9eV 500 W Xe lamp 1.3 vs. RHE 1M NaOH ~0.085 at -0.8 vs. Ref. [203]
Ag/AgCl
NiFe;04 Sol-gel method 1.56 500W halogen lamp. —0.18V vs. SCE 0.1 M KCI (~7) ~0.030 at 0V vs. RHE Ref. [204]
CuNbO3 Solid-state reaction ~2.0 400 W Xe lamp / 0.5M Na,S04 ~0.2 at -0.6 V vs. SCE Ref. [205]
CuCrO, Sol-gel method 3.15 Ozone-free Xe-arc ~1.1V vs.RHE 0.1 M NaOH ~0.5at 0.4V vs. RHE Ref. [206]
lamp
CuRhO; Solid-state reaction ~1.9 75 W PTI xenon arc 0.4V vs. SCE 1M NaOH ~2 at-1.0V vs. SCE Ref. [207]
lamp
CuYO, Solid-state reaction ~3.5 200W Xenon lamp 0.17 V vs. SCE 1MKOH (13.4) ~0.003 at-0.4V vs.SCE  Ref.[208]
CuGa0; Hydrothermal 3.91 300W Xe lamp 0.23V vs. Ag/AgCl 0.1M 0.030 at-1.2V vs. Ref. [209]
acetonitrile Ag/AgCl
CuMnO; Solid-state reaction 1.31 650 Whalogen lamp —0.26V vs. SCE 0.5M KOH 0.0002 at -0.1V vs. SCE  Ref. [210]
AgRhO, Ceramic method 1.7 75W PTI xenon arc 0.51V vs.Ag/AgCl 0.5MKNOs5 (0) 9at0Vvs.RHE Ref. [201]
lamp 465 nm LED
PbMo0O4 Drop-casting 3.2 Xe lamp / 0.1 M NaySO4 ~0.085at0Vvs. Ref. [211]
+0.2 M KPi Ag/AgCl

(FDCA) can be synthesized through the oxidation of HMF, and is
used as a monomer to generate polyethylene terephthalate and
poly(ethylene 2,5-furandicarboxylate). In the traditional oxidation
method of HMF into FDCA, Au, Pd, and Pt, or their bimetallic alloys,
serve as catalysts to drive the reaction in an alkaline aqueous solu-
tion (pH>13) under high-pressure O, or air (3-20bar) and at
high temperature (30-130°C) [219,220]. Inspired by several pre-
vious studies on the electrochemical oxidation of HMF into FDCA

[221,222], Choi’s group investigated the PEC oxidation of HMF into
FDCA on a BiVO4 photoanode [223]. The related reactions in their
BiVO4-based PEC cell for the oxidation of HMF into FDCA are shown
in Fig. 14. 2, 2, 6, 6-tetramethylpiperidine 1-oxyl (TEMPO) was
added into the electrolyte as a redox mediator to induce the oxida-
tion of HMF into FDCA. Under sunlight illumination, photoexcited
holes and electrons were generated in the valance and conduc-
tion bands of BiVOy, respectively. The photoexcited holes firstly
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by permission from Ref. [197], Copyright of 2016, the American Chemical Society. (b) J-t plots at 0.6V vs. RHE of CuBi, 04 (black) and Ag-CuBi,04 (red) measured in 0.1 M
NaOH solution (pH 12.8) saturated with O, under AM 1.5 G (100 mW/cm?) illumination. The inset shows photographs of CuBi,04 and Ag-CuBi,0O4 electrodes after the J-t
measurement. Reprinted by permission from Ref. [199], Copyright of 2016, the American Chemical Society. (¢) The formation of CuBi, 04 with forward gradient. (d) Chopped
LSV scans for CuBi, 04 photocathodes synthesized to a thickness of ~270 nm with uniform composition (homogeneous) or with gradient self-doping (forward and reverse).
The LSV measurements were performed in 0.3 M K,SO4 and 0.2 M phosphate buffer (pH 6.65) with H,0, under back illumination. Reprinted by permission from Ref. [200],

Copyright of 2017, the American Chemical Society.
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Fig. 14. (a) Schematic diagram of photoelectrochemical TEMPO-mediated HMF oxidation into FDCA. (b) LSVs of a BiVO4 photoanode obtained under AM 1.5 G illumination
(100 mW cm~2) (orange line) and a Au electrode in the dark (black line) in a 0.5 M borate buffer solution (pH 9.2) containing 5 mM HMF and 7.5 mM TEMPO. (c) Conversion
and yield (%) changes of HMF and its oxidation products during TEMPO-mediated photooxidation of HMF at 1.04V versus RHE in a 0.5 M borate buffer solution containing
5mM HMF and 7.5 mM TEMPO under AM 1.5 G illumination (100 mW cm~2). Reprinted by permission from Ref. [223], Copyright of 2015, Nature Publishing Group.

drove the oxidation of TEMPO into TEMPO*, and then HMF was
oxidized into FDCA through the TEMPO*-mediated reaction. Mean-
while, the photoexcited electrons were directionally transferred to
the Pt cathode for the hydrogen evolution reaction. The TEMPO-
mediated HMF oxidation was more favorable than water oxidation,
both in terms of thermodynamics and kinetics. Significantly, the
TEMPO-mediated PEC oxidation of HMF on a BiVO,4 photoanode
can be performed at room temperature in a weak alkaline aque-
ous medium (pH 9.2). This reaction can increase the efficiency of
H, production on the cathode. Thus, compared with the tradi-

tional oxidation method, the TEMPO-mediated PEC oxidation of
HMF on a BiVO4 photoanode exhibits obvious superiority with
respect to reaction condition, cost, and added value of products.
In our recent work, we investigated the feasibility of PEC synthe-
sis of 5,5'-azotetrazolate energetic salts using a BiVO,4 photoanode
[224]. Our work aimed to overcome the disadvantages of the con-
ventional synthetic approach of 5,5’-azotetrazolate energetic salts,
in which potassium permanganate (KMnO,) is used as an oxidizer
to drive the coupling reaction of 5-amino-1H-tetrazole at a rel-
atively high temperature (>60°C) [224]. Due to the formation of
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of benzyl alcohol to benzaldehyde (f), cyclohexene to cyclohexanone (g), and tetralin to 1-tetralone (h) using a BiVO4 photoanode immersed in 25 mL MeCN containing 0.1 M
LiClO4 and subjected to AM1.5 G light. Reprinted by permission from Ref. [226], Copyright of 2015, Nature Publishing Group.

the MnO, by-product, the purification of 5,5’-azotetrazolate ener-
getic salts is time consuming. Moreover, the production safety of
5,5'-azotetrazolate energetic salts could be compromised owing to
the heated reaction, with a risk of explosion accidents. Our results
indicated that the photogenerated holes of BiVO4 can directly
drive the coupling reaction of 5-amino-1H-tetrazole to form 5,5'-
azotetrazolate energetic salts at room temperature without the
production of any by-products.

For PEC organic synthesis on photoelectrodes, the selection of
solvent requires consideration. Firstly, the polarity of the solvent
influences the solubility of the organic substrate and supporting
electrolyte. Secondly, a degradation reaction of the solvent can dis-
rupt the desired organic reaction on the photoelectrode. Lastly, the
stability of the photoelectrode is closely related to the solvent.
In the work of Li et al. [226], the PEC oxidation of benzyl alco-
hol, cyclohexene, and tetralin into their corresponding carbonyl
compounds was studied in a BiVO4 photoanode-containing cell
using different solvent-electrolyte combinations. They found that
the photocorrosion of BiVO4 photoanode in MeCN is much lower
than that in H,O, which is an outstanding property for PEC organic
synthesis (as shown in Fig. 15). In addition, their results con-

firmed that the PEC oxidation of benzyl alcohol, cyclohexene, and
tetralin into their corresponding carbonyl compounds can only be
achieved in MeCN (solvent)-LiClO4 (electrolyte) with pyridine/N-
hydroxysuccinimide as the redox mediator; other solvents (such
as, acetone and CH3NO;) and electrolytes (such as, Bu4NCIO4 and
BuyNPFg) did not yield the desired products. Another factor that
requires particular attention in PEC organic synthesis is the pho-
toelectrode material. In essence, the fundamental properties of
the photoelectrode material determine the reaction selectivity and
activity of organic compounds. In particular, the PEC oxidation and
reduction properties of semiconductor photoelectrodes strongly
depend on their band gap characteristic. Tateno et al. described the
PEC dimethoxylation of furan with methanol on a BiVO4/WOj3 pho-
toanode through the formation of Br*/Br— redox mediator in MeCN
(solvent)-Et4NBF, (electrolyte)[227]. They demonstrated that WO3
and TiO, photoanodes are unreactive for the PEC dimethoxyla-
tion of furan with methanol under the same conditions. Similar
observations that different photoelectrodes are of obvious selec-
tivity for PEC organic reaction have also been reported by Bai et al.
[228] and Zhang et al. [229]. In addition to the solvent and pho-
toelectrode material, the influence of the redox mediator on PEC
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organic synthesis should not be ignored. In principle, the redox
mediator can connect the transfer of charge between the photo-
electrode and organic substrate in an indirect reaction. For example,
TEMPO/TEMPO* is a known redox mediator that selectively oxi-
dizes primary alcohols over secondary alcohols in basic conditions
[230]. Br*/Br~ redox can mediate the cleavage of C-Br and C—CI
bonds in MeCN [231]. In several reported studies of PEC organic
synthesis, a suitable redox mediator was reported to play a key role
in the formation of the desired product [223-225]. Of course, some
organic synthesis reactions can be directly driven by the photo-
generated charge of the semiconductor photoelectrode. Typically,
aniline can be photoelectrochemically reduced to form nitroben-
zene on a Cu,ZnSnS, electrode [232]. Further, cyclohexanol and
cyclohexanone can be directly photoelectrochemically obtained
through the C-H bond activation of cyclohexane on a WO3 pho-
toanode [233].

In general, PEC organic synthesis is a new concept of convert-
ing sunlight into valuable chemical products, and has indeed been
demonstrated in several PEC systems. There are various scientific
problems that need to be addressed for the development of large-
scale and cost-effective applications. Similar to the development
direction of PEC water splitting, once high-efficiency ternary metal
oxide photoelectrodes are developed, it will be possible to utilize
PEC organic synthesis in practical applications.

Conclusion and outlook

In this review, recent advances in the use of ternary metal oxides
as photoelectrode materials for water splitting and organic syn-
thesis are summarized and discussed. We have introduced the
fundamental properties, PEC performance limitations and appli-
cation challenges of ternary metal oxides, and have highlighted the
recently proposed strategies for improving the PEC performance
of ternary metal oxide photoelectrodes. As discussed, although
several challenges (such as, poor charge separation and trans-
fer, inaccurate and complicated synthesis) exist for ternary metal
oxides, the recent advances in ternary metal oxide photoelectrodes
demonstrate their potential application prospects in PEC water
splitting and organic synthesis. From these encouraging results, it
is expected that more ternary metal oxide photoelectrodes with
high performance be developed and investigated for water splitting
and organic synthesis. For the achievement of expected PEC water
splitting and organic synthesis, the following directions should be
considered overall in the future research of ternary metal oxide
photoelectrodes.

(1) To find the efficient ternary metal oxide photoelectrodes from
the vast candidates quickly, the research of high through-
put identification and screening methods, particularly the
combination method of experimental investigation and com-
putational prediction is of great importance. In addition, it is
necessary to build a standard database for providing the band
gap, band positions, photoactive phase data of the ternary metal
oxides based on the identification and screening results. Those
works would promote the discovery and study of ternary metal
oxide photoelectrodes.

(2) To achieve more effective water splitting and organic synthesis
on the ternary metal oxide photoelectrodes, their properties
of light harvesting, charge separation and surface reaction
should be taken an integral consideration. Meanwhile, the
performance-determined factor of specific ternary metal oxide
photoelectrodes should be carefully investigated so as to
modify the photoelectrodes. Strategically, the as-developed
research approaches and techniques on binary metal oxide
photoelectrodes have important enlightenment and refer-

ence significance for ternary metal oxide photoelectrodes. In
addition, the PEC organic synthesis on ternary metal oxide
photoelectrodes includes more complicated kinetic mechanism
than PEC water splitting. To ascertain the related scientific
problems, it is necessary to pay close attention and take ref-
erence to the research of electrochemical synthesis of organics.

(3) For the practical PEC water splitting and organic synthesis, the
requirements of for the ternary metal oxide photoelectrodes
not only include high activity, but also acceptable stability.
Most modification studies to date have focused on the improve-
ment in PEC activity of ternary metal oxide photoelectrodes;
there are fewer studies of modification to their PEC stabil-
ity. It is important to investigate the electrolyte/ternary metal
oxide photoelectrode interface in more details; this would
increase our understanding of the PEC stability of ternary metal
oxide photoelectrodes. In particular, the influence of the kinetic
pathway of PEC water splitting and organic synthesis on the
thermodynamic dissolution of ternary metal oxide photoelec-
trodes should be analyzed.

In all, the discussion of ternary metal oxide photoelectrodes in
our review is not exhaustive. We hope that this review will provide
valuable information and inspiration for the study of water splitting
and organic synthesis on ternary metal oxide photoelectrodes in
the future.
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