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1.  Introduction

1.1.  Photoelectrochemical water splitting

In recent decades, growing concerns of finite resources as 
well as the environmental implications of burning fossil fuels 
have driven the development of various renewable energy 
technologies. Sunlight is by far the most abundant source of 
sustainable energy, but it is currently challenging to use it 
on a TW scale due to its intermittent nature (e.g. day-night 

cycle, seasonal variations). In order to solve this challenge, 
solar energy needs to be stored in a transportable form for an 
infinite amount of time. One way to achieve this is by produc-
ing chemical fuels with sunlight; chemical fuels indeed have 
the highest energy and power density (per mass)—up to two 
orders of magnitude higher than batteries or supercapacitors. 
Photoelectrochemical (PEC) water splitting is one of the most 
well studied methods to produce chemical fuels (the term ‘solar 
fuels’ is commonly used). While one can technically already 
split water electrochemically with a conventional photovoltaic 
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Abstract
Photoelectrochemical (PEC) water splitting, a process that directly produces hydrogen from 
water and sunlight using semiconductor materials, is an attractive form of renewable energy 
production. The hydrogen that is produced can be easily transported, stored, and utilized as 
a fuel without the emission of greenhouse gasses. However, many scientific and engineering 
challenges need to be overcome before PEC water splitting can be implemented on a large 
scale. One of the biggest challenges is the identification of suitable semiconductor materials 
to use in the construction of photoelectrodes. This topical review highlights a promising class 
of materials, complex metal oxides, which can be used as photoelectrodes for PEC water 
splitting. The advantages and limitations of complex metal oxides are first discussed, and 
strategies to overcome the limitations are outlined using the model case of bismuth vanadate 
(BiVO4), one of the highest performing complex metal oxide photoanodes reported to date. 
Building on the success story of BiVO4, we discuss pathways towards achieving even higher 
water splitting performance, including bandgap engineering as well as the development of 
alternative complex metal oxides with more appropriate bandgaps for obtaining high solar-
to-hydrogen efficiency. Several classes of complex metal oxides (e.g. delafossites, tungstates, 
vanadates, spinels) are presented as promising candidates for photoelectrode materials. 
Finally, we conclude by summarizing the key properties of these complex metal oxides and 
providing an outlook towards expedited discovery of new and novel complex metal oxides for 
use as photoelectrodes.
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(PV)-electrolysis system, PEC water splitting integrates both 
light absorption and electrochemistry functionalities in the 
semiconductor, which may result in a cheaper and simpler 
approach. In short, the PEC water splitting process utilizes 
semiconductor photoelectrodes to absorb sunlight and gener-
ate photo-excited charge carriers (electrons and holes), which 
drive the water-splitting (oxidation or reduction) reactions on 
its surface. Figure 1 shows the schematic illustration of a PEC 
cell based on an n-type semiconductor and a metal counter 
electrode, both immersed in aqueous electrolyte. Upon illumi-
nation, the semiconductor absorbs light with an energy larger 
than its bandgap, and converts these photons to electron–hole 
pairs. In an n-type semiconductor, the photo-generated holes 
are swept toward the semiconductor/electrolyte interface, and 
the photo-generated electrons are swept toward the semicon-
ductor/transparent conductor interface. The holes then oxidize 
water according to the following half-reactions:

+ +

= +

− +h
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Alkaline electrolyte: 4OH 4 2H O O

0.401 V versus NHE

2 2
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+ +
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At the other side of the PEC cell, the electrons are transported 
to the metal counter electrode (e.g. platinum), where they will 
reduce water and produce hydrogen according to the follow-
ing half-reactions:
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The water oxidation and reduction reactions are often termed 
the oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER), respectively. The same processes occur for 
PEC water splitting using a p-type semiconductor, except that 
water is reduced at the semiconductor/electrolyte interface 
and oxidized at the counter electrode. Based on these specific 
half-reactions that take place at the semiconductor surface, 
an n-type semiconductor photoelectrode in PEC water split-
ting is called a photoanode (for oxidation reactions), and a 
p-type semiconductor is called a photocathode (for reduction 
reactions).

Despite the promise of PEC water splitting, progress 
towards commercialization has been hindered by the lack 
of ideal materials that fulfil the stringent requirements. Ideal 
materials for PEC water splitting must meet the following cri-
teria: (i) the semiconductor system must generate sufficient 
photo-voltage to split water, (ii) the bandgap of the semi-
conductors must ensure significant absorption of the solar 
spectrum, (iii) the band edge positions at the photoelectrode 
surfaces must straddle the redox potentials for water oxidation 
and reduction, (iv) the system must exhibit long-term stabil-
ity under illumination in aqueous electrolytes, (v) the charge 
transfer from the surface of the photoelectrodes to the solution 
(for the OER or HER) must be facile to minimize the required 
kinetic overpotential and reduce energy losses, and finally (vi) 
the system must consist of cheap, abundant elements.

1.2. Tandem PEC water splitting system

To relax the material requirements for water splitting, tandem 
approaches have been taken, in which two (or more) semicon-
ductors with varying bandgap energies are used in a system; a 
small-bandgap semiconductor is stacked behind a large-band-
gap semiconductor. In this configuration, short-wavelength 
photons are absorbed in the large-bandgap semiconduc-
tor. The long-wavelength photons, which are transmitted by 
the large-bandgap semiconductor, are then available to be 
absorbed by the small-bandgap semiconductor. A variety of 
approaches can be used in the design of a tandem PEC device 
including a paired photoelectrode system (photoanode com-
bined with photocathode) or photoelectrode combined with a 
photovoltaic solar cell (photoelectrode-PV). In both cases the 
photoelectrode must be capable of providing a relatively high 
photocurrent density (>8.2 mA cm−2) in order to obtain high 
solar-to-hydrogen (STH) efficiencies (>10%). STH efficiency 
is linearly related to the photocurrent density (J) as follows:

( )η
=

J

P
STH efficiency

1.23 V F

AM1.5
� (1)

where the free energy change of the water splitting reaction is 
1.23 eV/e−, ηF is the Faradaic efficiency, and PAM1.5 is power 
of solar irradiation (100 mW cm−2) [1]. The theoretical maxi-
mal photocurrent density (Jmax) of a material in mA cm−2 can 
be estimated by integrating of the AM1.5 solar spectrum above 
the bandgap energy (Eg) according to the following equation:
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Figure 1.  Schematic diagram of a PEC cell setup consisting of an 
n-type semiconductor and a metal counter electrode. The photo-
generated holes arrive on the surface of the semiconductor and oxidize 
water, while the photo-generated electrons are transported to the metal 
counter electrode and reduce water producing hydrogen gas.
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where, ΦAM1.5(λ) is the solar photon flux (cm−1 s−1 nm−1), λ 
is wavelength of light (nm), q is the electronic charge 
(1.602  ×  1019 C), h is Planck’s constant (4.136  ×  10−15 eV s),  
and c is the speed of light (3  ×  1017 nm s−1). Note that this 
equation overestimates the realistically obtainable photocur
rent density because it does not take into account blackbody 
radiation and spectrum losses but it can be used as a first pass 
comparison of different semiconductor materials [2, 3]. For a 
tandem device consisting of paired photoelectrodes the oper-
ating photocurrent density (JOP) is determined by the overlap 
in photocurrent density of each absorber layer; the valence 
band of the photoanode and the conduction band of the pho-
tocathode must provide the overpotentials for the OER and 
HER, respectively [4, 5]. Therefore it is important that both 
electrodes have an early onset potential or large potential dif-
ference (Δϕ) between the photocurrent onset (typically deter-
mined by the flat-band potential, ϕFB) and the electrochemical 
potentials for the OER or HER. The theoretical maximal 
potential differences are defined as follows:

ϕ ϕ∆ = −1.23 V versus RHE photoanodemax FB ( )� (3)

ϕ ϕ∆ = − 0.0 V versus RHE photocathode .max FB ( )� (4)

For a photoelectrode-PV tandem system the OER and HER 
overpotentials (ηOER and ηHER) must be factored in separately 
so that the total voltage supplied is reduced by these over-
potentials; ηHER for a photoanode-PV system and ηOER for a 
photocathode-PV system. For state-of-the art electrocatalysts 
the ηOER and ηHER values can be estimated at 300 mV and 40 
mV, respectively [6]. Therefore slightly higher demands are 
placed on the photocathode than a photoanode when used in 
a photoelectrode-PV system compared to a paired photoelec-
trode system.

1.3.  (Complex) metal oxides as photoelectrodes

Among the possible materials used as photoelectrodes, metal 
oxides offer many unique advantages. First, metal oxides are 
generally stable. Since they are already oxidized they are not 
susceptible to oxidation when used as photoanodes. Second, 
metal oxides offer a variety of different bandgap energies 
including the medium-large range of 1.5–2.3 eV [7, 8]. This 
bandgap energy range is required for the top absorber in a dual 
absorber (tandem) PEC device in order to obtain at least 10% 
STH efficiency [4, 9, 10]. Lastly, metal oxides can be com-
posed of many different elements, some of which are abundant 
and inexpensive to produce. This includes the alkali, alkaline, 
transition, and post-transition metals. So far, the majority of 
the efforts have been placed on simple binary metal oxides 
(one metal cation and oxygen anion) especially TiO2, WO3, 
and Fe2O3; unfortunately with limited success. Almost all 
possible binary metal oxide combinations have been investi-
gated for PEC water splitting, but the ideal material remains 
elusive. This is where complex or multinary (ternary, quater-
nary, etc) metal oxides present the biggest advantage. More 
than 8000 and 700 000 combinations are possible with ternary 
and quaternary, respectively. Most of these materials have not 
yet been fully characterized as photoelectrodes [11], and it is 

likely that within these immense possibilities we may be able 
to find the desired photoelectrode material.

This topical review highlights the recent developments of 
complex metal oxides as photoelectrode materials for water 
splitting. This includes their general limitations and examples 
of successfully addressing these limitations from the model 
case of BiVO4 as a photoanode material. It also describes 
alternative promising classes of complex metal oxides and 
addresses the future outlook of this field of research.

2.  General limitations of complex metal oxides

Several limitations or challenges exist for complex metal 
oxides when they are used as photoelectrodes. First, as is 
obvious from the vast amount of possible candidates, it is 
definitely not trivial to screen for an ideal photoelectrode 
material. Combinatorial efforts have been initiated, and will 
be discussed in the later section  of this paper. Second, the 
synthesis process of these complex metal oxides may also 
present additional challenges. This is related to the fact that 
there are multiple cations in a complex metal oxide, and a 
minor sub-stoichiometry is usually unavoidable. As an illus-
tration, a mere 0.1% sub-stoichiometry already corresponds to 
a defect concentration of ~1019 cm−3. This sub-stoichiometry 
is usually obtained due to lack of accurate control of metal 
precursor ratios during synthesis. In addition, since the syn-
thesis process is usually done at high temperature, the differ-
ent metal cations may have different vapor pressures under the 
heat treatment condition, resulting in selective loss of one of 
the elements. Such a large amount of defects may have a very 
undesirable effect on the performance of the photoelectrode, 
i.e. the defects may act as recombination centers and kill the 
photoactivity. Finally, most metal oxides have relatively poor 
carrier transport properties. This is definitely true as com-
pared to many common covalent semiconductors, such as Si 
and III–V (e.g. GaAs) materials. The poor properties of com-
plex metal oxides have been related to the nature of carrier 
localization; carriers generally are transported via a polaron 
hopping mechanism, which results in relatively low carrier 
mobility [12].

3. The success story of BiVO4

Despite the limitations mentioned above, there are several 
examples in the literature where high photocurrents have 
been achieved with complex metal oxides. One particular suc-
cess story is the development of bismuth vanadate (BiVO4) 
as a photoanode. BiVO4 has attracted a significant amount of 
interest in the past few years. This is reflected in the expo-
nential increase in the number of publications on BiVO4 in 
the field of photo(-electro)chemistry, as shown in figure 2. In 
2015 alone, there were ~300 publications on BiVO4. These 
concerted efforts have resulted in BiVO4 being the current 
highest performing metal oxide photoanode.

BiVO4 has three polymorphs: pucherite, dreyerite and 
clinobisvanate. The most photoactive phase is clinobisvanate, 
which has a monoclinic (scheelite-type) crystal structure 
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(space group C2/c, a  =  7.247 Å, b  =  11.697 Å, c  =  5.09 Å, 
and β  =  134.226°) [13, 14]. Figures  3(a) and (b) show the 
crystal structure of clinobisvanate BiVO4, which consists of 
VO4 tetrahedra and BiO8 dodecahedra. Each O atom is coor-
dinated to one V center and two Bi centers. The local environ
ments of Bi and V are however distorted, resulting in the 
loss of the fourfold symmetry [13]. This distortion has been 
claimed to be responsible for the higher photocatalytic activ-
ity, as compared to the other polymorphs [15, 16]. A process-
ing temperature of higher than 400 °C is normally required to 
obtain the monoclinic clinobisvanate phase [16–18].

The monoclinic phase has been reported to have a bandgap 
of ~2.4–2.5 eV [16, 19, 20]. The electronic structure of BiVO4 
has been thoroughly investigated by many researchers, both 
theoretical and experimental [14, 19–26]. However, the nature 
of the optical transition in the monoclinic scheelite BiVO4 
(i.e. the composition of the valence band and the directness 
of the transition) had been the subject of controversy in the 
literature. Initially, it was proposed that the optical transition 
occurs from Bi 6s or hybrid Bi 6s–O 2p orbitals and empty 
V 3d orbitals [16]. This was later proven to be unlikely. The 
crystal distortion in monoclinic BiVO4 pushes the O 2p states 
upward and reduces the bandgap, but the optical transition 
still occurs between the filled O 2pπ and empty V 3d orbit-
als [21, 26]. Cooper et al performed a thorough combination 
of advanced spectroscopic analysis and DFT calculations to 
reveal the electronic structure [19, 20], as shown in figure 3(c). 
They revealed that the optical transition is indirect in nature, 
with the direct transition occurring at slightly higher energies 
(~200 meV).

BiVO4 has been investigated as a photocatalyst and pho-
toelectrode material since late 1990s/early 2000s [15, 16, 
27–30]. These early efforts, however, only resulted in mod-
est photocurrent densities (several hundreds of µA cm−2). A 
few years ago, researchers started to focus on identifying the 
factors that limited the performance of BiVO4. The first iden-
tified limitation was slow transfer of photo-generated holes 
from the surface of the BiVO4 to the electrolyte. This was 
shown by many studies that utilized hole scavengers, such 
as hydrogen peroxide, methanol, and sulfites [28, 31–37]. 
To solve this, surface modification layers have been applied 

on BiVO4. For example, in our lab, we electrodeposited a 
~30 nm cobalt phosphate (Co–Pi) catalyst layer on our spray 
pyrolysed BiVO4 [31, 32]. As shown in the AM1.5 photo-
current–voltage curve of figure 4, the photocurrent is signif-
icantly increased from the bare BiVO4 (black curve) to the 
Co–Pi catalyzed BiVO4 (red curve). The Co–Pi was initially 
assumed to increase the catalytic activity of the surface of 
BiVO4, but recent studies have indicated that the more likely 
cause is that Co–Pi decreases the surface recombination on 
BiVO4 [38–40]. Either way, the charge transfer efficiency of 
the photogenerated holes increases after this surface modifica-
tion. Other oxygen evolution catalysts (OEC) have also been 
investigated and many of them (e.g. cobalt and nickel borate, 
iron oxyhydroxide, nickel oxyhydroxide) [35, 36, 41–43] are 
also effective in overcoming this limitation of BiVO4.

After the charge transfer limitation was addressed, the 
poor carrier transport properties of BiVO4 started to limit the 
performance. As in many metal oxides, charge carriers are 
transported via a small polaron hopping conduction mech
anism [44]. Both electron and hole polarons exist in BiVO4; 
they are predicted to be located at ~0.3 eV below the con-
duction band and ~0.9 eV above the valence band, respec-
tively [45, 46]. We recently showed for the first time direct 
evidence of hole polarons in BiVO4 using THz spectroscopy 
[47]. The THz photoconductivity spectra for BiVO4 is shown 
in figure  5(a). In short, we observed two distinct regimes: 
Drude–Smith behavior explains the spectrum lower than 1.7 
THz, and a damped harmonic oscillator model explains the 
spectrum above 1.7 THz. The latter is associated to strong car-
rier localization, and we have shown that this can be assigned 
to be the signal of hole polarons [47]. Electron polarons in 
BiVO4 have also been indirectly observed via temperature-
dependent conductivity measurements, electron paramagnetic 
resonance spectroscopy, and x-ray absorption spectroscopy 
[39, 44, 48, 49]. Overall, this polaron conduction mechanism 
results in relatively low charge carrier mobility in BiVO4. A 
value of 0.02 cm2 V−1 s−1 was reported for a polycrystalline 
BiVO4 [50], and only one order of magnitude higher for a sin-
gle crystal BiVO4 [44]. These values are few orders of magni-
tude lower as compared to Si (1500 cm2 V−1 s−1 for electron 
and 450 cm2 V−1 s−1 for hole) [51] or even other commonly 
studied oxides, e.g. ZnO (200 cm2 V−1 s−1 for electron and 
180 cm2 V−1 s−1 for hole) [51, 52].

To compensate the low charge carrier mobility, doping has 
been applied to increase the carrier concentration in BiVO4, 
and hence the conductivity. Tungsten (W) and molybdenum 
(Mo) are the two most effective dopants used in BiVO4 [31, 
53–55]. They both have 6 valence electrons; substitution of 
V5+ with W6+ or Mo6+ results in donor-doped BiVO4. While 
it has been shown to be effective to a certain degree, doping 
also has a negative influence on the carrier transport proper-
ties of BiVO4. Increasing dopant concentration will result 
in decreasing the width of the space charge layer, and thus 
decreasing the efficiency of charge separation. One way to 
overcome this trade-off is to create a distributed n+-n homo-
junction [56]. The concept was first applied in our lab and 
is illustrated in figure  5(b). For a homogeneously-doped 
W-BiVO4, space charge layer is only present at the surface of 

Figure 2.  The number of publications recorded in the Web of 
Science database using keywords ‘BiVO4’ and ‘photo*’. The 
exponential increase in recent years represents the growing interest 
on BiVO4 as a photocatalytic and photoelectrode material.
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the BiVO4. Photogenerated carriers in the bulk of the BiVO4 
are therefore not driven by an internal electric field, only by 
diffusion. However, by taking advantage of the Fermi level 
difference between BiVO4 with a varying dopant concentra-
tion, we designed a BiVO4 film with a 10-step W dopant gra-
dient and distributed the internal electric field throughout the 
bulk of the BiVO4. As a result, the carrier separation efficiency 
increased from ~38% to more than 60% at 1.23 V versus RHE 
[56]. The overall AM1.5 photocurrent of the BiVO4 photo-
anode was therefore increased significantly by applying this 
simple gradient dopant concept, as shown in figure 4 (blue). 
The gradient dopant concept is a generally applicable strategy 
to increase the charge separation efficiency in highly doped 
semiconductors; several other studies on other semiconduct-
ing photoelectrodes have also reported the effectiveness of the 
concept [57–59].

The next limitation of BiVO4 is the modest optical absorp-
tion. This is especially true for the wavelengths close to the 
bandgap of BiVO4. One way to overcome this limitation is 
to introduce metallic nanoparticles (e.g. Ag, Au, Ag@SiO2) 
[60–62] and take advantage of the plasmonic resonance effect. 
Another method is to simply replace the back substrate of the 
photoelectrode (typically FTO-coated glass) with a textured 
substrate [56, 63]. This relatively straightforward method was 
used to our Co–Pi catalyzed, gradient-doped W–BiVO4, and 
the AM1.5 photocurrent was again improved to  >4 mA cm−2 
(see figure 4).

Nanostructuring has also been shown to be an effective 
strategy to overcome the limitations of BiVO4. Both the car-
rier transport and optical absorption limitations can be essen-
tially tackled by nanostructuring. The charge carrier diffusion 
length in BiVO4 has been reported to be ~70–100 nm [44, 50]. 
In a nanostructured BiVO4 with feature sizes smaller than this 
diffusion length, most of the charge carriers can be collected 
at the surface or interface before they recombine, and high 
carrier separation efficiency can be obtained. Electrodeposited 
porous BiVO4 with a particle size in the range of ~70–80 nm 
indeed showed carrier separation efficiencies of higher than 
90% at 1.23 V versus RHE [35]. Guest-host nanostructure 
concept has also been explored by depositing a thin confor-
mal layer of BiVO4 on top of WO3 nanowires or nanoporous 
films [37, 64–67]. For example, Pihosh et al fabricated WO3 

nanorods via glancing angle deposition (GLAD) and elec-
trodeposited CoPi catalyzed thin BiVO4 layer (~50 nm) on 
top of the nanorods (see figure 6) [66]. With this electrode, 
they reported an AM1.5 photocurrent of 6.7 mA cm−2 at 1.23 
V versus RHE. At the time of the writing, this is the highest 
AM1.5 photocurrent ever reported for BiVO4.

Stability is an important criteria for photoelectrodes. Early 
reports have suggested that BiVO4 is stable within the pH 
range of 3–11 [68]. However, more detailed examinations of 
the stability and construction of the Pourbaix diagram revealed 
that polycrystalline BiVO4 thin films are susceptible to chemi-
cal and photochemical corrosion, even in the neutral pH range 
[69]. Surface modification of BiVO4 with co-catalysts and/or 
protection layers were usually applied in order to improve the 
stability of BiVO4 photoelectrodes. As a result, long-term sta-
ble photocurrents in neutral pH (>1000 h) and pH 13 solution 
(several hours) have been recently demonstrated [70–72].

The progress of BiVO4 photoanodes is summarized in fig-
ure 7, where the AM1.5 photocurrents at 1.23 V versus RHE 
of various reported BiVO4 photoanodes are plotted. Prior to 
2010, only very small improvements were reported. Beyond 
2010, the photocurrent increased much more rapidly, which 

Figure 3.  (a) Crystal structure of the clinobisvanite (monoclinic scheelite) polymorph of BiVO4. (b) The side view (c-axis) of the structure. 
(c) Electronic structure of the clinobisvanite BiVO4, as revealed by DFT calculation as well as XAS, XES and XPS measurements. 
Reprinted with permission from Cooper et al [19]. Copyright 2014 American Chemical Society.

Figure 4.  AM1.5 photocurrent–voltage curve of bare BiVO4 
(black), Co–Pi catalyzed BiVO4 (red), Co–Pi catalyzed gradient 
W-doped BiVO4 (blue), and Co–Pi catalyzed gradient W-doped 
BiVO4 deposited on a textured FTO substrate (green). The 
electrolyte in all cases was 0.1 M potassium phosphate buffer  
(pH ~ 7) and the scan rate was 50 mV s−1.

J. Phys. D: Appl. Phys. 50 (2017) 193002
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is a result of systematic investigation of the performance lim-
iting factors and implementation of appropriate strategies 
as already outlined above. It is noted that this trend is very 
similar to the trend in the number of publications on BiVO4 
(figure 2). It is clear that the collective efforts of the field in 
the development of BiVO4 has successfully resulted in estab-
lishing BiVO4 as one of the highest performing metal oxide 
photoelectrode materials.

Figure 7 also shows the theoretical maximum photocurrent 
(Jmax) that can be obtained by a BiVO4 photoelectrode. This 
is shown as the horizontal blue line at the photocurrent level 
of ~7.5 mA cm−2. This value assumes that all photons in the 
AM1.5 spectrum with energies larger than the bandgap of 
BiVO4 (2.4 eV is taken here) can be absorbed and collected as 
photocurrents with 100% efficiency. From this plot, it is obvi-
ous that the difference between this theoretical limit and the 

Figure 6.  Schematic illustration of a core–shell WO3-nanorods/BiVO4 photoanode. The cross-section SEM image of the structure is also 
shown. GLAD: glancing angle deposition. Reprinted from Pihosh et al [66]. CC BY 4.0.

Figure 5.  (a) THz combined electron−hole mobility spectrum of a BiVO4 film at 10 ps delay time fitted with the Drude–Smith model at 
lower frequencies (real part, blue solid curve; imaginary part, blue dashed curve) and the damped oscillator model at higher frequencies 
(real part, red solid curve; imaginary part, red dashed curve). The real and imaginary parts of the measured conductivity are indicated by 
stars (*) and open circles (○), respectively. The resonance frequency at ~2.1 THz was assigned to be the hole vibration along the Bi3+ and 

−VO4
3  units in the [0 1 2] direction, as shown in the inset. Adapted with permission from Ziwritsch et al [47]. Copyright 2016 American 

Chemical Society. (b) Energy band diagram of BiVO4 with homogeneous W-doping (left) and gradient W-doping (right).
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highest reported photocurrent is already very close. The 6.7 
mA cm−2 photocurrent reported by Pihosh et al [66] is within 
10% of the theoretical maximum. This achievement of BiVO4 
illustrates that despite the many challenges that may be posed 
by complex metal oxides (e.g. polaron conduction mechanism, 
high defect concentration), a highly efficient photoelectrode 
can still be obtained by implementing appropriate strategies. In 
other words, these limitations should not be used to justify the 
exclusion of complex metal oxides (or metal oxides in general) 
as candidate materials for photoelectrochemical water splitting.

Several unassisted solar water splitting devices have also 
been fabricated based on BiVO4 photoelectrodes. In all cases, 
the BiVO4 photoelectrodes were combined in a tandem con-
figuration with a second absorber (usually a solar cell). The 
blue part of the solar spectrum is absorbed by the BiVO4 and 
the red part, which is transmitted by BiVO4, is absorbed by 
the solar cell behind the BiVO4 photoelectrode and used to 
provide the necessary bias potential. The first BiVO4-based 
tandem device was reported by our lab [56], as shown in fig-
ure 8(a). Here, a Co–Pi catalyzed gradient-doped W–BiVO4 
was combined with a thin film amorphous silicon solar cell 
[56, 63]. STH efficiencies of 3.6, 4.9 and 5.2% were obtained 
with single-junction amorphous, double-junction amorphous, 
and micromorph (microcrystalline/amorphous tandem) solar 
cells, respectively. The highest performing BiVO4 photoanode 
by Pihosh et  al discussed above was also combined into an 
unassisted solar water splitting device with a multi-junction 
III–V solar cell (double-junction GaAs/InGaAsP) [66, 80]. In 
this case, due to the use of reflective substrate (ITO/Pt/ITO), 
the BiVO4 photoanode was positioned in 45° with respect 
to the solar cell (figure 8(b)); the red part of the solar spec-
trum is reflected towards the solar cell. The high performance 
of the BiVO4 as well as the III–V based solar cell resulted in 
an impressive STH efficiency of 8.1% [66, 80]. More recent 
efforts have also been focused on novel tandem concepts, 
such as dual photoelectrode with extended light harvesting by 

combining BiVO4 and Fe2O3 photoelectrodes with c-Si solar 
cells (figure 8(c)) [81], and the inclusion of distributed Bragg 
reflector (DBR) in between a BiVO4 photoelectrode and a 
dye-sensitized solar cell (figure 8(d)) [82]. STH efficiencies of 
7.7% and 7.1% were reported for these novel concepts, respec-
tively. A complete overview of all solar water splitting devices 
reported based on BiVO4 photoelectrode is listed in table 1.

4.  Beyond BiVO4

To further improve the achieved STH efficiency with complex 
metal oxide photoelectrodes, several issues still need to be 
addressed. First, although the achieved AM1.5 photocurrent 
with BiVO4 is already very close to the theoretical maximum, 
this is achieved at relatively high applied potential (>1.0 V 
versus RHE). This immediately places certain restrictions on 
the type of solar cells that can be used in the tandem solar 
water splitting device. A relatively large open circuit voltage 
is needed to place BiVO4 at a high electrochemical poten-
tial; multi-junction solar cells are typically needed, which 
increases the complexity (and possibly cost) of the overall 
device. Efforts should therefore be placed on improving the 
performance of BiVO4 at much lower applied potentials, i.e. 
increasing the fill factor (FF) of the photocurrent–voltage 
curve. As illustrated in figure  9, a BiVO4 with a higher FF 
would allow the application of a simple single-junction solar 
cell as the tandem combination with potentially much higher 
STH efficiency. Recombination pathways occurring at these 
low potentials, either at the bulk, surface or interface of the 
BiVO4 would need to be first identified to accomplish this.

Unfortunately, even if the FF of BiVO4 could be improved 
to nearly ideal, only a marginal improvement in the STH effi-
ciencies can be obtained. This is simply because BiVO4 is 
intrinsically limited by its bandgap of 2.4 eV, which means 
that a maximum STH efficiency of ~9% can only be achieved. 
Recently, several groups of researchers have determined the 
optimal combination of bandgaps in a dual-absorber tandem 
configuration [87–90]. To achieve STH efficiencies higher 
than 20%, a bottom absorber with a bandgap of ~1.0–1.3 eV 
needs to be combined with a top absorber with a bandgap of 
~1.7–1.9 eV (see figure 10). Several good options are avail-
able for the bottom absorber, such as Si and WSe2 [91–94]. 
However, the choice for the top absorber is not so obvious; we 
therefore need to find an efficient and stable complex metal 
oxide within this bandgap range.

4.1.  Decreasing the bandgap of complex metal oxides

One way to obtain a complex metal oxide with the desired 
bandgap is to modify the bandgap of a known complex metal 
oxide by anion substitution. Most metal oxides have rather 
large bandgaps since the valence band maximums are com-
posed of mainly O 2p orbitals, which lay relatively low in 
the energy scale. Anion substitution with elements that have 
higher energy orbitals could potentially push the valence band 
upward and decrease the bandgap. An example is to partially 
replace oxygen ions by nitrogen ions to form oxynitrides, 
as illustrated in figure 11 in the case of tantalum oxynitride. 

Figure 7.  Reported photocurrent of BiVO4 (black squares) and 
BiVO4/WO3 guest-host (red circles) photoanodes at 1.23 V versus 
RHE. Except for the first two points from AIST, the photocurrents 
were measured under AM1.5 illumination. Data were extracted 
from various reports in the literature [28, 31–33, 35–37, 56, 63–66, 
73–79]. The theoretical maximum photocurrent for BiVO4 based on 
its bandgap of 2.4 eV is shown as the horizontal blue line.
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Tantalum oxide (Ta2O5) is a stable large bandgap semicon-
ductor (Eg  =  3.9 eV), whereas tantalum nitride (Ta3N5) is a 
visible light absorber (Eg  =  2.1 eV) yet unstable in aqueous 
solutions. To compromise between the stability and the light 
absorption, researchers have partially substituted the oxygen 
ions in Ta2O5 with nitrogen ions, resulting in the β-TaON with 
a more favorable bandgap of 2.4 eV and acceptable stability 
[95–99]. Photocurrents above 3 mA cm−2 have been shown 
for TaON photoanodes [95, 98].

Although the valence band maximum of BiVO4 is slightly 
pushed upward due to the hybridization with the Bi 6s orbital, 
it is still composed of mainly O 2p orbitals. Partial nitrogen 
substitution of oxygen could therefore potentially raise the 
valence band and result in a bandgap lower than 2.4 eV. A 
first principle calculation has predicted an upward valence 
band shift of ~200 meV for a BiVO3.9375N0.0625 stoichiometry 
[100]. It is, however, not known whether this stoichiometry 
or any other bismuth vanadium oxynitride phases are ther-
modynamically possible to be formed. Kim et  al recently 
reported the incorporation of nitrogen into their porous elec-
trodeposited BiVO4 [76]. They obtained the formation of 
BiVO3.54N0.31 with an observed absorption red shift of ~200 
meV. The absorptance spectra and the photographs of the 
films are shown in figure 12(a). Interestingly, they performed 
the nitrogen incorporation by a very mild N2 annealing treat-
ment at 350 °C. It was suggested that this is a specific attribute 
of nitrogen incorporation in BiVO4, but it is surprising that the 
relatively strong triple bond of nitrogen (N ≡ N) can be broken 
at this temperature. It should be noted that the Haber–Bosch 
process of producing ammonia from nitrogen and hydrogen, 

even in the presence of a catalyst, requires a temperature of at 
least 400 °C [101, 102]. The mechanism of nitrogen incorpo-
ration in BiVO4 by this mild N2 annealing therefore needs to 
be further elucidated.

Another way of incorporating nitrogen into metal oxides 
is through ion implantation. N-ion implantation has been 
reported for TiO2 and ZnO photoelectrodes, and shifts of the 
bandgap and higher photocurrents under visible light illumi-
nation have been observed [103, 104]. A preliminary study in 
our lab has suggested that this may also be effective for BiVO4. 
Through a combination of suitable ion implantation energy 
and post-annealing conditions, we observed an extended 
absorption tail up to ~750 nm, and the absorbed photons are 
increased by ~40%. Alternative to nitrogen, sulfur can also be 
incorporated into metal oxides to shift the valence band up 
and decrease the bandgap. This is because S 3p orbitals also 
have higher energy as compared to O 2p orbitals. Our pre-
liminary results show that both the indirect and direct band-
gaps are successfully reduced with increasing partial pressure 
of sulfur. Further analysis and studies on these nitrogen- and 
sulfur-incorporated BiVO4 films are currently ongoing.

4.2.  Novel complex metal oxides as photoelectrodes

Instead of modifying the bandgap of a known large-bandgap 
metal oxide (such as the case of BiVO4 above), alternative 
complex metal oxides with small bandgap may be explored. 
This section  highlights several classes of complex metal 
oxides that fulfil this requirement as either photoanodes or 
photocathodes.

Figure 8.  Various schematic structures of solar water splitting devices based on (a) BiVO4 photoanode and thin film amorphous silicon 
solar cell (reprinted from Abdi et al [56]. Copyright 2013, Rights Managed by Nature Publishing Group), (b) BiVO4/WO3 nanorods 
photoanode and GaAs/InGaAsP solar cell (reprinted from Pihosh et al [66]. CC BY 4.0.), (c) BiVO4–Fe2O3 dual photoanode and crystalline 
silicon solar cell (reprinted from Kim et al [81]. CC BY 4.0.), and (d) mesoporous BiVO4/WO3 photoanode, dye-sensitized solar cell 
(DSSC) and distributed Bragg reflector (DBR) (reprinted from Shi et al [82]. CC BY 4.0.).
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4.2.1.  Cu(I)-based oxides.
4.2.1.1. Cu2O.    Cuprous oxide, Cu2O, is the most com-
monly studied Cu(I)-based metal oxide material for PEC 
applications. It is a p-type semiconductor with a cubic crys-
tal structure (space group Pn3m, a  =  4.2696 Å) and bandgap 
energy of 1.9–2.2 eV resulting in a Jmax of about  −14 mA 
cm−2 [105–107]. The flat-band potential of Cu2O is located 
at approximately 0.75 V versus RHE [108]. For a metal oxide, 
Cu2O has an exceptionally high mobility in the range of 60–
130 cm2 V−1 s−1 (at ~300 K) depending on the synthesis con-
ditions [109–111]. Cu2O thin films have been synthesized for 
PV and PEC applications using a wide range of deposition 
techniques including electrodeposition, sol-gel, spray, and 
sputtering [106, 107]. However, since its first demonstration 
as a photocathode material, Cu2O has been a challenging PEC 
material to work with because the electrochemical potential 
to reduce Cu2O to Cu is more positive than the potential for 
water reduction, which makes Cu2O highly susceptible to 
photocorrosion when illuminated in aqueous solutions [112–
114]. A major breakthrough occurred in 2011, when the Grät-
zel group at EPFL showed that Cu2O photocathodes could be 
significantly stabilized with protective coatings of Al-doped 
ZnO (AZO) and TiO2 deposited by atomic layer deposition 
(ALD) [115]. Since then, researchers have systematically 
addressed the stability and photoconversion efficiency chal-
lenges of Cu2O using various nanostructures, buffer layers, 
protection layers, and electrocatalysts including earth abun-
dant NiOx, MoS2−x, and Ni–Mo [116–119]. Most recently the 

Grätzel group achieved photocurrent densities as high as  −10 
mA cm−2 at 0 V versus RHE for Cu2O nanowire photocath-
odes with AZO/TiO2 protection layers and RuOx catalyst 
loading [120]. The photocurrent density was maintained for 
over 55 h. Although Cu2O is not a complex metal oxide, the 
most recent PEC results for Cu2O photocathodes represent 
significant progress in PEC water splitting and may be useful 
in efforts to improve and stabilize other Cu(I)-based complex 
metal oxides.

4.2.1.2. Cu(I) vanadates, niobates, and tantalates.  Many 
Cu(I) vanadates, niobates, and tantalates are p-type metal 
oxide semiconductors and show activity for photo-reduction 
reactions. The group of Maggard has studied a significant 
portion of these materials and summarized them in a recent 
review article [121]. The list of studied materials includes 
Cu3VO4 (Eg  ≈  1.20 eV) [122], CuNb2O6 (Eg  ≈  1.9 eV) 
[123], CuNb3O8 (Eg  ≈  1.26 eV) [124, 125], Cu2Nb8O21 
(Eg  ≈  1.43 eV) [126], CuNbO3 (Eg  ≈  2.00 eV) [127, 128], α-
Cu2Ta4O11 and β-Cu2Ta4O11 (Eg  ≈  2.65 eV) [129], Cu3Ta7O19 
(Eg  ≈  2.60 eV) [130, 131], and Cu5Ta11O30 (Eg  ≈  2.55 eV) 
[130–132]. Two advantages of using these Cu(I) mixed metal 
oxides are that they (i) come in various bandgap energies in the 
visible-light range (~1.20–2.65 eV) and (ii) often show better 
stability under illumination in aqueous solutions compared to 
Cu2O. This has been attributed to the addition of V5+, Nb5+, 
or Ta5+ metal cations with unfilled d orbitals allowing elec-
trons to be excited into the conduction band of the material 

Table 1.  Reported solar water splitting devices based on BiVO4 photoanodes.

BiVO4 photoanode Tandem combination Electrolyte STH efficiency
Stability  
data shown Ref

CoPi catalyzed, gradient  
W-doped BiVO4

a-Si solar cell 0.1 M potassium 
phosphate buffer (pH 7)

3.6% 1 h  [56]

CoPi catalyzed, gradient  
W-doped BiVO4

2-jn a-Si/a-Si solar cell 0.1 M potassium 
phosphate buffer (pH 7)

4.9% 1 h  [56]

CoPi catalyzed, gradient  
W-doped BiVO4

2-jn a-Si/µ-Si solar cell 0.1 M potassium 
phosphate buffer (pH 7)

5.2% 1 h  [63]

CoPi catalyzed gradient  
W-doped BiVO4

RuOx/TiO2/Al:ZnO/Cu2O  
photocathode

0.1 M potassium 
phosphate buffer (pH 7)

0.5% 20% loss in 2 
min

 [5]

CoPi catalyzed BiVO4/WO3  
guest-host nanorods

2-jn GaAs/InGaAsP solar cell 0.1 M potassium 
phosphate buffer (pH 7)

8.1% 1 h  [66]

FeOOH/NiOOH catalyzed 
(W,Mo)-doped BiVO4/WO3  
guest-host nanoporous

Cobalt-electrolyte DSSC and  
hybrid DBR stack

0.1 M sodium 
phosphate (pH 6.9)

7.1% 10 h  [82]

Co–Ci catalyzed H-treated  
Mo-doped BiVO4

CH3NH3PbI3 perovskite solar cell 0.1 M bicarbonate 
electrolyte (pH 7)

4.3% (wired)  
3% (wireless)

12 h  [83]

Co–Pi catalyzed BiVO4 CH3NH3PbI3 perovskite solar cell 0.1 M 
phosphate buffer

2.5% 10% loss in 5 
min

 [84]

NiOOH/FeOOH catalyzed  
Mo-doped BiVO4

Pt/CdS/CuGa3Se5/(Ag,Cu)GaSe2  
photocathode

0.1 M 
phosphate buffer (pH 7)

0.67% 2 h  [85]

FeOOH/NiOOH catalyzed 
(W,Mo)-doped BiVO4/WO3  
guest-host nanoporous

Cobalt-electrolyte DSSC 0.1 M 
sodium phosphate (pH 6.9)

5.7% 2 h  [86]

FeOOH/NiOOH catalyzed  
Mo-doped nanocone BiVO4

Perovskite solar cell 0.5 M 
potassium phosphate buffer  
(pH 7)

6.2% ~4% loss in 
10 h

 [77]

FeOOH/NiOOH catalyzed  
H-treated Mo-doped BiVO4

NiFeOx catalyzed Ti-doped Fe2O3  
and crystalline Si solar cell

1 M 
potassium carbonate (pH 9.2)

7.7% ~10% in 8 h  [81]
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(instead of the Cu+ d orbitals that form the conduction band 
of Cu2O), inhibiting the reduction of Cu+ at the surface [121].

Among the above materials, Cu3VO4 has the narrowest 
bandgap energy (1.2 eV) and as a result the highest theor
etical maximal photocurrent density (−39.7 mA cm−2 under 
AM1.5). Initial reports of Cu3VO4 photocathodes synthesized 
by solid-state reaction of Cu2O and V2O4 in a vacuum line 
at 550 °C and then annealed at 400 °C in dynamic vacuum 
showed relatively low photocurrent densities below  −0.1  
mA cm−2 in 0.5 M Na2SO4 (pH 5.8) although cathodic 
photocurrent started at a relatively positive potential of ~0.72 
V versus RHE (0.13 V versus SCE) [122]. Annealing the sam-
ples to 350 °C in air oxidized some of the Cu(I) to Cu(II) 
resulting in Cu3VO4 particles being coated with CuO and 
Cu3V2O8 nanorods and improved the photocurrent density to 
~  −0.2 mA cm−2 at 0.39 V versus RHE (−0.2 V versus SCE).

Many of the Cu(I) niobates (CuNb2O6, CuNb3O8, 
Cu2Nb8O21, and CuNbO3) have ideal bandgap energies 
(1.26–2.00 eV) for reaching relatively high Jmax values (−14.6 
to  −37.1 mA cm−2) but so far the reported photocurrent densi-
ties have been smaller than  −1 mA cm−2 in aqueous electrolyte 
solutions at potentials between  −0.35 and 0.35 V versus RHE 
[123–128, 133]. CuNb2O6 photocathodes were constructed by 
first synthesizing CuNb2O6 powders via a solution combustion 
reaction which were then spray-coated onto ITO substrates 
[123]. These photocathodes produced a photocurrent density 
of about  −0.15 mA cm−2 in 0.1 M NaHCO3 saturated with 
CO2 (pH ~ 7) at ~0.16 V versus RHE (~  −0.45 V versus Ag/
AgCl). The photocurrent onset occurred at ~0.78 V versus 
RHE. The group of Maggard prepared CuNb3O8 photocath-
odes on FTO substrates from CuNb3O8 powder synthesized 
by solid-state reaction of Cu2O and Nb2O5 at 750 °C [124]. 
The photocathodes reached a photocurrent density of ~  −0.45 
mA cm−2 in 0.5 M Na2SO4 (pH 6.3) at  −0.35 V versus RHE. 
Mott–Schottky analysis showed a flat-band potential of 0.35 V 
versus RHE and application of the Mott–Gurney equation to 
J-V measurements of pressed pellets revealed a hole mobility 
of ~145 cm2 V−1 s−1. The same group synthesized Cu2Nb8O21 
nanoparticles by ion-exchange solvothermal reaction of CuCl 
with Li3NbO4 nanoparticles. Of the Cu(I) niobates, these 
Cu2Nb8O21 have shown the highest photocurrents. After 

Figure 9.  Photocurrent–voltage curve (left y-axis) of BiVO4 
photoanode and heterojunction (HIT) solar cells in a single, 
2-series, and 3-series configurations. The black dashed line 
illustrates the photocurrent–voltage curve of a hypothetical BiVO4 
photoanode with an improved fill factor (FF). The right y-axis 
shows the respective solar-to-hydrogen (STH) efficiencies (linearly 
related to photocurrent according to equation (1) for the multiple 
BiVO4-solar cell combinations, as indicated by the intersection 
between their photocurrent–voltage curves.

Figure 10.  Solar-to-hydrogen (STH) efficiency colorplot of a dual 
stacked absorber configuration as a function of the bandgap of the 
top and bottom absorber. The white and black triangle indicates 
the 10% and 20% STH efficiency boundary, respectively. Adapted 
with permission from Seitz et al [87] John Wiley & Sons. © 2014 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Figure 11.  Band diagram of tantalum oxide (Ta2O5), oxynitride 
(TaON) and nitride (Ta3N5).

Figure 12.  (a) Absorbance spectra of nanoporous BiVO4 electrode 
(black) and N2-annealed BiVO4 electrodes (red). The photographs 
of both electrodes are shown in the inset. Reprinted from Kim et al 
[76]. CC BY 4.0.
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annealing at 350 and 450 °C they had a cathodic photocur
rent onset at about 0.95 V versus RHE (~0 V versus SCE) 
and reached photocurrent densities of ~  −0.9 mA cm−2 in 
0.5 M Na2SO4 solution (adjusted to pH  =  12 with NaOH) at  
~0.35 V versus RHE (~  −0.6 V versus SCE) [126]. Most 
recently, the Maggard group showed results for CuNbO3 pho-
tocathodes synthesized by solid-state reaction of Cu2O and 
Nb2O5 followed by doctor-blading onto FTO substrates. These 
photocathodes had a flat-band potential of 1.08–1.14 V ver-
sus RHE and a photocurrent density of ~  −0.45 mA cm−2 in 
Na2SO4 and NaOH (pH 12) at 0.35 V versus RHE (−0.6 V ver-
sus SCE) [128]. The discovery of these Cu(I) niobates as pho-
toactive materials is quite recent so there are only few reports 
on them in the literature. As a result not all of their photophysi-
cal properties related to PEC have been established including 
their absorption coefficients and charge carrier mobilities and 
diffusion lengths. Although these initial reports show relatively 
low photo-conversion efficiencies their bandgap energies and 
relatively positive photocurrent onset potentials make them 
promising candidates for high efficiency tandem PEC devices. 
More experiments may help determine whether the low pho-
tocurrent density is mainly due to limitations in charge carrier 
transport, reaction kinetics, or other factors.

The next interesting class of Cu(I) oxides is the tanta-
lates. So far, the Cu(I) tantalates (β-Cu2Ta4O11, Cu3Ta7O19, 
and Cu5Ta11O30) have shown relatively high photocurrent  
densities—as compared to the vanadates and the niobates—in 
the range of  −1.3 to  −2.2 mA cm−2 in aqueous electrolyte 
solutions at potentials near 0.0 V versus RHE [129, 130, 132]. 
Cu3Ta7O19, and Cu5Ta11O30 powders were prepared using a 
molten salt flux method with CuCl as the flux, and further 
deposited onto FTO as photocathodes using a doctor-blade 
technique. Various annealing steps were used to treat the 
films. Mott–Schottky analysis revealed that the Cu3Ta7O19, 
and Cu5Ta11O30 photocathodes have flatband potentials of 
1.19 and 1.06 V versus RHE, respectively. When annealed 
in Ar at 500 °C and then oxidized in air at 350 °C, the 
Cu5Ta11O30 produced a photocurrent density of ~  −  2.2 mA 
cm−2 in 0.5 M Na2SO4 at ~ 0 V versus RHE (−0.6 V versus 
SCE at pH 6.3). Like the Cu(I) niobates, the Cu(I) tantalates 
are relatively new materials for PEC and not all of the relevant 
PEC properties have been established. These materials may 
be capable of reaching high quantum efficiencies; however, 
one significant limitation is their moderate bandgap energy  
(2.55–2.65 eV) which limits Jmax to  −4.5 to  −5.6 mA cm−2 under 
AM1.5. Even if they can be optimized to achieve nearly 100% 
quantum yield, their solar-to-hydrogen efficiency will remain 
below 10%, which is the current state of BiVO4 (Eg  ≈  2.4 eV) 
after thorough optimization as an n-type photoanode material.

4.2.1.3. Cu(I) delafossites.  Copper(I) delafossites have the 
general formula of CuMO2, in which M is a metal cation in 
the  +3 oxidation state (M  =  Al, Co, Cr, Fe, Ga, In, La, Sc, Y)  
[121, 134–136]. Their predominant crystal structure consists 
of alternating layers of close-packed Cu+ cations and edge-
shared MO6 octahedra with each oxygen coordinated by one 
Cu+ and three M3+ cations [134]. They can crystallize in 
either a rhombohedral 3R- (R3m) or hexagonal 2H- (P63/mmc)  

polymorph. The optical bandgap energy of delafossites can 
vary widely (1.36–4.15 eV) depending on which  +3 metal 
cation is present [135–137]. This has led to delafossites being 
used for a variety of applications including dye-sensitized 
solar cells, absorber layers in PV and PEC devices, and trans-
parent p-type conducing oxides (TCOs) [121].

Among the Cu(I) delafossites, CuFeO2, a p-type metal 
oxide, is particularly attractive as a photocathode material 
because it has an ideal optical bandgap (1.36–1.55 eV) and it 
is composed of abundant elements [138–140]. It has a conduc-
tion band edge of  −0.05 to  −0.46 V versus RHE, so photo-
generated electrons are energetic enough to reduce protons. 
In addition, it has a relatively positive flatband potential of 
0.83–1.3 V versus RHE, making it well suited for a tandem 
PEC device [138–140]. Based on the bandgap it has relatively 
high Jmax value of  −30 mA cm−2, but so far the reported val-
ues have been much lower in magnitude. A photocurrent den-
sity of  −1.5 mA cm−2 at 0.35 V versus RHE was achieved 
with O2 as a sacrificial electron scavenger for layered CuFeO2 
thin films synthesized by a sol-gel method [139]. This was 
obtained after thermal intercalation of oxygen into the layered 
delafossite structure of the CuFeO2 thin films, which increased 
both the acceptor density and photocurrent density by similar 
orders of magnitude. In the presence of O2 these CuFeO2 pho-
tocathodes were stable under illumination in 1 M NaOH for 
over 40 h. With a protective AZO/TiO2 overlayer along with 
photodeposited Pt, they produced a sustained hydrogen pro-
duction photocurrent density of  −0.4 mA cm−2 at 0 V ver-
sus RHE in 0.5 M Na2SO4 (buffered to pH 6.1) [139]. The 
limited photocurrent density was attributed to poor electron–
hole separation so a guest-host strategy was later adopted, in 
which CuFeO2 was synthesized on top of a nanostructured 
CuAlO2 scaffold to increase the light absorption of CuFeO2 
while minimizing the film thickness and hence the minority 
carrier charge transport length [141]. The resulting host-guest 
CuAlO2/CuFeO2 photocathodes increased the photocurrent 
density to  −2.4 mA cm−2 at 0.4 V versus RHE in the pres-
ence of O2. Recently, the Lee group explored different anneal-
ing treatments of CuFeO2 films including hybrid microwave 
annealing (HMA), which allowed for rapid heating (above 
800 °C in 10 min) causing oxygen intercalation into the crys-
tal lattice [142]. HMA treated CuFeO2 photoelectrodes were 
combined with NiFe-double layered hydroxide (LDH) and 
reduced graphene oxide (RGO) as an electrocatalyst overlayer 
to produce a photocurrent density of  −2.4 mA cm−2 at 0.4 V 
versus RHE in Ar-purged NaOH electrolyte.

The recent improvements in CuFeO2 photocathodes to 
reach  −2.4 mA cm−2 represents a forward progress, but 
considerable efforts are still needed to reach the theoretical 
maximal value of  −30 mA cm−2. Further research is needed 
to isolate the main factors that limit the photocurrent den-
sity. Poor electron–hole separation has been suggested as a 
major limitation. With mobility values of ~0.1 and ~1  ×  10−6  
cm2 V−1 s−1 for holes and electrons, respectively, the perfor-
mance of CuFeO2 might be improved with further optimization 
of the nanostructure and/or doping [143]. Isolation and passi-
vation of any surface states and traps (recombination centers) 
may also be implemented.
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4.2.1.4. Wide bandgap delafossites.  Although they are not 
well-suited for highly efficient absorber layers because they 
do not absorb visible light, the wide bandgap delafossites 
may be useful for PEC applications as p-type TCO layers. 
The list of delafossites that can be used as p-type TCO mat
erials includes CuBO2 (Eg  ≈  2.2–4.5 eV) [144, 145], CuCrO2 
(Eg  ≈  2.95–3.30 eV) [146], CuGaO2 (Eg  ≈  2.72–3.6 eV) [147, 
148], CuInO2 (Eg  ≈  3.9–4.15 eV) [137, 149, 150], CuScO2 
(Eg  ≈  3.3 eV) [151], and CuYO2 (Eg  ≈  3.5 eV) [152].

4.2.2.  Cu(II)-based oxides.
4.2.2.1. CuO.    The most simple Cu(II)-based oxide is cupric 
oxide, CuO, which has a bandgap energy of 1.35–1.7 eV and 
hence a theoretical maximal photocurrent density of ~28 mA 
cm−2 [105–107, 153]. CuO has a monoclinic crystal structure 
(space group C2/c, a  =  4.6837 Å, b  =  3.4226 Å, c  =  5.1288 
Å, β  =  99.548°, α  =  γ  =  90°) [107]. It is an antiferromagnetic 
semiconductor, and the charge carrier mobility is estimated to 
be relatively low (10−2–10−3 cm2 V−1 s−1) as compared to 
covalent semiconductors, but this is a typical mobility range 
for metal oxides [154–156]. The flat band potential of CuO is 
located at 1.21–1.48 V versus RHE, which places the conduc-
tion band more negative than 0.0 V versus RHE. Thermody-
namically, photogenerated electrons in CuO should therefore 
be able to reduce protons [153, 157, 158]. However, the 
electrochemical reduction potential to reduce CuO to Cu2O 
is even more positive than the potential to reduce Cu2O to 
Cu, which is more positive than 0.0 versus RHE; CuO is just 
as susceptible to photocorrosion as Cu2O [112–114, 159].  
Several groups have demonstrated photocurrent densities 
of  −2 to  −4 mA cm−2 at 0 V versus RHE for various CuO 
photocathodes, but long-term stability were not demonstrated 
in these early reports and a portion of the photocurrent likely 
went towards photocorrosion [160–163]. Similar protection 
layer strategies that have been used for Cu2O can also be used 
to stabilize CuO. One group demonstrated photoactivity for 
CuO nanofibers coated with AZO and TiO2, but stability mea-
surements were not included in the report [164]. Recently, 
another group reported that ALD of ZnO and TiO2 on top of 
CuO photocathodes significantly reduced the photoactivity; 
however, chemical bath deposition of CdS followed by ALD 
of TiO2 and photodeposition of Pt as a catalyst was effective at 
stabilizing CuO [165]. These CuO/CdS/TiO2 photocathodes 
with Pt maintained a photocurrent density of about  −1.25 mA 
cm−2 at 0 V versus RHE for 30 min with a Faradaic efficiency 
of nearly 1 for H2 production.

4.2.2.2. CuBi2O4.  CuBi2O4 is a p-type metal oxide semicon-
ductor with a bandgap energy of 1.6–1.8 eV resulting in a Jmax 
of ~20 mA cm−2 [1, 158, 166–168]. It has a tetragonal crys-
tal structure (space group (P4/ncc, a  =  b  =  8.500  −  8.511 Å, 
c  =  5.814  −  5.823 Å, Z  =  4) consisting of planar CuO4 com-
plexes stacked along the c-axis in a staggered manner with Bi 
atoms arranged between the stacks and bonded to 6 oxygen 
atoms by three different bond distances [169–171]. The flat-
band potential is exceptionally positive at 1.26–1.43 V versus 
RHE, which results in photocurrent onset  >1 V versus RHE 
[158, 168, 172]. This makes CuBi2O4 an ideal candidate for 

the top absorber in a tandem (dual absorber) PEC device [4]. 
CuBi2O4 has a relatively low mobility of 10−3 cm2 V−1 s−1 
but the lifetime leads to a carrier diffusion length of 10–52 nm, 
which is reasonable for a metal oxide.

CuBi2O4 was first demonstrated to be photoactive for 
reduction reactions in 2007 through a combinatorial study by 
the group of Sayama [166]. Like many of the new Cu con-
taining multinary metal oxides, CuBi2O4 has not yet shown 
photocurrent densities near the theoretical limit. Recently the 
group of Choi prepared CuBi2O4/Ag–CuBi2O4 photocathodes 
using a two-step electrodeposition procedure in which the 
CuBi2O4 layer was first deposited in an ethylene glycol solu-
tion and the Ag–CuBi2O4 (Ag doped CuBi2O4) was deposited 
using a dimethyl sulfoxide solution [172]. These photocath-
odes produced a photocurrent density of  −1.5 mA cm−2 at 
0.6 V versus RHE in 0.1 M NaOH saturated with O2 as an 
electron scavenger. For undoped CuBi2O4, we have dem-
onstrated a photocurrent density of around  −1 mA cm−2 at  
0.6 V versus RHE in phosphate buffered K2SO4 with H2O2 as 
the electron scavenger [168]. In the presence of electron scav-
engers the material appears relatively stable. Without electron 
scavengers the reported photocurrents are much lower, which 
suggests that one of the problems with the material is its poor 
catalytic behavior for water reduction. Pt has been deposited 
on the surface of various CuBi2O4 photocathodes, resulting 
in photocurrent densities between  −0.5 and  −0.6 mA cm−2 
at 0.6 V versus RHE for N2 or Ar purged electrolytes [168, 
172, 173]. These are much lower than the photocurrents in the 
presence of electron scavengers, which suggests that although 
Pt is a well-known electrocatalyst for proton reduction, it may 
not be ideal when combined with CuBi2O4. Other catalysts 
therefore need to be explored.

Even if the catalytic limitation is solved, it is not likely to 
bring the photocurrent of CuBi2O4 close to the Jmax. Perhaps 
the greatest bottleneck for achieving high photocurrent den-
sity with CuBi2O4 is poor charge carrier transport within 
CuBi2O4 films [168]. and possibly at the CuBi2O4-substrate 
interface when FTO is used. This suggests that strategies 
used on other metal oxides such as BiVO4 and Fe2O3 may 
be successful with CuBi2O4 including nanostructuring and 
doping. As mentioned previously Ag doping has been used to 
improve the photoactivity of CuBi2O4 by improving charge 
carrier transport. It has also been shown that Ag can be incor-
porated while remaining in the zero valence state at potentials 
more positive than 1.0 V versus RHE, which appears to be 
beneficial towards the reduction reaction kinetics [158]. The 
CuBi2O4-FTO interface has also been suggested to be the 
possible source for photocurrent loss. Other substrates which 
ideally form Ohmic junction without introducing high density 
of interface states (e.g. Au, p-TCO) need to be investigated. 
Finally, another major challenge is the susceptibility to pho-
tocorrosion in aqueous electrolyte in the absence of electron 
scavengers (e.g. O2, H2O2) [168, 172]. Figure 13 shows a clear 
evidence that copper was reduced from 2+  to 1+  oxidation 
state at the surface of CuBi2O4 during photoelectrochemical 
measurements [168]. Some of the strategies used for Cu2O 
and CuO such as ALD protection layers may also be useful 
with CuBi2O4.
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4.2.3.  Metal tungstates.  Several metal tungstates with appro-
priate bandgaps have been investigated as a photoelectrode 
material. Among them, copper tungstate (CuWO4) is one of 
the more well-studied materials, with reports on CuWO4 pho-
toelectrodes dating back to more than 30 years ago [174]. This 
material was recently revisited in the last 5 years; a number of 
researchers reported the fabrication of thin films of CuWO4 
and measured the photoelectrochemical behavior [175–182]. 
CuWO4 has a triclinic crystal structure (space group P1 with 
a  =  4.7026 Å, b  =  5.8389 Å, c  =  4.8784 Å, α  =  91.677°, 
β  =  92.469°, γ  =  82.805°), similar to monoclinic wolframite 
with an added Jahn–Teller distortion of Cu2+ [183–186]. As 
shown in figure 14(a), both Cu and W ions are coordinated 
octahedrally with six O atoms; Cu and W form alternating 
sequence of layers between the oxygen sheets. The crystal-
line phase is typically an n-type semiconductor, while p-type 
conductivity has been reported in amorphous CuWO4 [180]. 
Initial studies reported conflicting bandgap values of 1.5 and 
3.5 eV [187, 188], yet recent thin film studies have consis-
tently shown an indirect bandgap value of ~2.2 eV [175–178].

The photoelectrochemical performance is limited by two 
factors. First, charge transfer between the surface and the 
electrolyte is inefficient [179, 182]. Interestingly, this issue 
seems to be not easily solved by depositing an oxygen evo
lution co-catalyst (OEC) layer, possibly due to the presence 
of large density of midgap states at the surface of CuWO4 
[175]. An even bigger limitation is the charge carrier transport 
within the material. Although a high hole mobility of 100 cm2  
V−1 s−1 has been reported for a single-crystal CuWO4 [189], 
the value for the polycrystalline thin films are likely to be 
much smaller. This is evident from the reported bulk resist
ance in the order of 3 kΩ cm−2 [180]. Certain strategies, such 
as doping [182] and composite formation with multiwall 
carbon nanotubes [181], have been implemented to address 
this issue; yet, more than 92% of the carriers still recom-
bine before they reach the interface or surface. Future efforts 
should be focused on overcoming these two limitations, e.g. 
fabricating a nanostructured film with feature sizes smaller 

than the carrier diffusion length. Fundamental studies on the 
carrier transport properties are therefore also needed to direct 
this effort.

Another possible candidate in the metal tungstate class 
is iron tungstate (Fe2WO6). It has an orthorhombic crystal 
structure (space group Pbcn, a  =  4.576 Å, b  =  16.766 Å, 
c  =  4.967 Å), as shown in figure  14(b). Fe and W atoms 
are each coordinated with eight oxygen atoms (octahedral), 
which form zigzag chains along the c-axis. Fe2WO6 is typi-
cally n-type [190, 191], although it has to be mentioned that 
reports on this material are very limited. One particular prop-
erty stands out, which is the attractive bandgap of ~1.5–1.7 eV 
[190, 192]. Unfortunately, other properties of the material do 
not seem to be very attractive. The flatband potential is rela-
tively unfavorable at ~0.6–0.7 V versus RHE, and the carrier 
concentration is in the range of 1019–1020 cm−3, even after high 
temperature treatment at 800 °C [193]. As a result, the photo-
current remained modest, and charge separation efficiency of 
only 5% was reported [193, 194]. This may be related to the 
reported drift mobility of 4.7  ×  10−4 cm2 V−1 s−1, attributed 
to the small polaron conduction mechanism [192]. Although it 
seems to be unlikely, these challenges need to be overcome for 
Fe2WO6 to be a suitable photoelectrode material.

Tin tungstate (SnWO4) is also interesting as a photoelec-
trode material. It has two crystal structures. The first is β-
SnWO4, which has a cubic crystal structure and large bandgap 
of ~4.1 eV [195, 196]. This structure is stable above 670 °C, 
and can be obtained by rapid quenching following calcina-
tion above this temperature [197]. The more interesting poly-
morph is α-SnWO4 (see figure  14(c)), with orthorhombic 
crystal structure (space group Pnna, a  =  5.625 Å, b  =  11.744 
Å, c  =  4.986 Å) [195]. The bandgap is reported to be  
~1.5–1.6 eV, indirect in nature, but still possess relatively high 
absorption coefficient (~105 cm−1) [195, 198]. Theoretically, 
a maximum AM1.5 photocurrent of close to 30 mA cm−2 is 
possible with α-SnWO4. It has an n-type conductivity, and the 
carrier mobility is expected to be relatively high. Although 
there is no experimental report on the transport properties, a 
DFT calculation shows band structures with relatively large 
curvature (figure 15); an effective mass of electrons and holes 
of 0.35 and 0.8, respectively, were reported [198]. As a com-
parison, values of 0.9 and 0.7 were calculated for the effec-
tive masses of electron and holes in BiVO4, respectively [26]. 
The transport was expected to be anisotropic, with effective 
masses of electrons and holes being the lowest in the [100] and 
[0 0 1] direction, respectively. The flatband potential has been 
estimated through Mott–Schottky analysis to be  −0.1–0.0 V 
versus RHE [198, 199]. This implies that the band positions 
nicely straddle the hydrogen and oxygen evolution potentials, 
and only little (or no) overpotential is needed to generate the 
water splitting reaction. However, the AM1.5 photocurrents 
are still relatively low, with the highest reported value of  
~0.3 mA cm−2 at 1.23 V versus RHE (~1% of the theoretical 
maximum) [198]. The exact cause of the low photocurrent is 
not clear. One possibility is the high carrier density observed 
in these reported films (~1020 cm−3), which can often be cor-
related to the presence of defects that may act as recombina-
tion centers. Implementing strategies that may reduce these 

Figure 13.  Cu 2p core-level x-ray photoelectron spectroscopy 
(XPS) spectra of CuBi2O4 photocathode before and after 
chronoamperometry measurement at 0.6 V versus RHE for 2 h 
in 0.3 M K2SO4 and 0.2 M phosphate buffer (pH 6.65) with Ar 
bubbling. Adapted with permission from Berglund et al [168]. 
Copyright 2016 American Chemical Society.
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defects (e.g. heat treatment, dopant compensation) therefore 
potentially improves the photocurrent. Another limitation of 
the material is related to its chemical stability. Sn2+ easily 
oxidizes to Sn4+, and acts as a potential trap site for electrons 
[198, 200, 201]. Protection layer strategies (using e.g. TiO2, 
NiOx) should be explored in order to address this issue.

4.2.4.  Metal vanadates.  Other than BiVO4, several metal 
vanadates have been extensively investigated as photocatalysts. 
These include yttrium vanadate (YVO4) and indium vanadate 
(InVO4) [202–205]. However, these vanadates possess an even 
larger bandgap as compared to BiVO4. One of the smaller 
bandgap metal vanadates is iron vanadate (FeVO4), with a 
bandgap of ~2.0 eV [206, 207]. Figure 16(a) shows the triclinic 
crystal structure (space group P1, a  =  6.7794 Å, b  =  8.0937 
Å, c  =  9.3931 Å, α  =  96.434°, β  =  106.572°, γ  =  101.56°) 
[208], consisting of iron octahedral (FeO6) and vanadium tet-
rahedral (VO4). An early study suggested that small polaron 
hopping is the conduction mechanism below 500 K, and a hole 
mobility of 10−2 cm2 V−1 s−1 was estimated [209]. This study 
seemed to suggest that FeVO4 has p-type conductivity, how-
ever, more recent reports on FeVO4 films show only n-type 
behavior [206, 207, 210]. Donor-type doping with W has also 
been reported to improve the performance of FeVO4 [207]. 
AM1.5 photocurrents in the range of ~0.1 mA cm−2 have 
been reported, which seems to be limited by the poor carrier 
transport properties. In our lab, we have attempted to directly 
measure the carrier lifetime in spray-pyrolysed FeVO4 using 
time-resolved microwave conductivity (TRMC). The prelimi-
nary measurements, however, show no signal, which means 
that the carrier lifetime is shorter than ~10 ns. Combined with 
the low carrier mobility, this suggests a rather short carrier dif-
fusion length (<20 nm). Nanostructuring efforts should there-
fore be employed in order to overcome this limitation.

It should also be noted that other stoichiometries of iron 
vanadate with desirable bandgaps (<2.0 eV) have been 
reported (e.g. FeV2O4, Fe2VO4, Fe2V4O13) [210, 211], but 
very limited reports are available in terms of the PEC and 
optoelectronic properties. Some of these structures may also 
be interesting as a possible candidate for photoelectrode 
materials.

High throughput experiments and calculations have been 
performed on metal vanadates [212, 213]. One of the result-
ing hits is manganese pyrovanadate (β-Mn2V2O7). It has a 
monoclinic crystal structure (space group C2/m, a  =  6.713 Å, 
b  =  8.725 Å, c  =  4.969 Å, β  =  103.591°) [212]. The struc-
ture is composed of edge-sharing MnO6 octahedra brought 
together by V2O7 bi-tetrahedra, as shown in figure 16(b). It 
has been reported to be paramagnetic at room temperature, 
which transforms to be antiferromagnetic at low temperature 
(~20 K) [214, 215]. Similar to BiVO4, the conduction band 
is composed of mainly V 3d orbitals. The valence band is 
hybridized Mn 3d and O 2p orbitals, which brings the valence 
band maximum upward [212, 216]. As a result, it has a desir-
able bandgap of ~1.75 eV, and the band positions have been 
reported to (closely) straddle the oxygen and hydrogen evo
lution potential [212, 216]. No photocurrent was however 
reported for water oxidation; a small photocurrent was only 

Figure 14.  Crystal structure of (a) triclinic CuWO4, (b) orthorhombic Fe2WO6, and (c) orthorhombic SnWO4.

Figure 15.  Density of states (DOS) calculation for the 
orthorhombic tin tungstate (α-SnWO4). Reprinted with permission 
from Harb et al [195] John Wiley & Sons. © 2016 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. Left: total DOS is shown in 
in black, DOS projected on Sn 5s orbitals in red, on W 5d orbitals 
in blue, and on O 2p orbitals in green. The Fermi level is set at 0 eV. 
Right: DOS projected onto the k-space of SnWO4.
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observed when a facile redox couple is present in the elec-
trolyte [212]. It has been argued that this may be caused by 
the relatively small overpotential between the valence band 
edge and the oxygen evolution potential (~0.3 V), and apply-
ing appropriate oxygen evolution co-catalyst on the surface 
of β-Mn2V2O7 may solve the problem. An additional limita-
tion has, however, been identified in our lab. TRMC measure-
ment on β-Mn2V2O7 revealed a very small mobility of ~10−4 
cm2 V−1 s−1, which may prevent the photogenerated charge 
carriers from reaching the surface or interface.

Another system that has been investigated through high-
throughput experimentation is the copper vanadate system. 
Although copper vanadate compounds have been identified 
since ~60 years ago [217–224], they were mostly considered 
for the applications in phase change materials and Li-ion bat-
teries. It was not until very recently that the system was con-
sidered for photoelectrode materials [213, 225–229]. Zhou 
et al explored large stoichiometries in the CuO–V2O5 system 
using their high-throughput experiments and computations 
[213]. They discovered four major phases in their composi-
tional library: Blossite (α-Cu2V2O7), Ziesite (β-Cu2V2O7), 
McBirneyite (γ-Cu3V2O8), and Fingerite (Cu11V6O26). All 
were reported to be n-type semiconductors with bandgap 
in the range of 1.8–2.0 eV [213, 225–228]. Among these,  
γ-Cu3V2O8 seems to be currently the most promising can-
didate. The crystal structure of γ-Cu3V2O8 is shown in fig-
ure 16(c); V is tetrahedrally coordinated (VO4), while Cu is 
present in both square-planar (CuO4) and square-pyramidal 
(CuO5) coordination. Charge transfer across the semicon-
ductor/electrolyte interface has been identified as one of the 
PEC limitation, with the photocurrents in the presence of hole 
scavengers to be a factor of ~3 higher than the water oxida-
tion photocurrents [226]. Quantum efficiencies in the range of 
5–10% have also been reported [213, 226], which is promis-
ing considering the early stage of the photoelectrode material 
development. Seabold et al estimated the diffusion length to 
be ~100 nm, and donor-doping with Mo seems to increase 
the diffusion length to be ~450 nm [226]. The stability of γ-
Cu3V2O8 is excellent in the pH 9.2 borate buffer electrolyte 
[213, 226, 228], which was proposed to be caused by self-
passivation of the surface due to the complexation with the 
borate electrolyte. Corrosion/degradation was reported for 
γ-Cu3V2O8 in other pHs (6–7 and 10–14) and electrolytes 
(phosphate, sulfate, carbonate, nitrate, and hydroxide) [226]. 
This narrow stability window is very interesting; further 

investigation in revealing the specificity of pH 9 or borate in 
the electrolyte may be found to be very useful in the efforts of 
improving the stability of photoelectrode materials beyond γ-
Cu3V2O8. An additional challenge for the material is the rela-
tively positive flatband potential of ~0.6–0.7 V versus RHE 
[226]. This means that relatively high bias potential would 
need to be applied for water oxidation, and γ-Cu3V2O8 needs 
to be combined with a tandem material which has a relatively 
large photovoltage.

4.2.5.  Spinels.  Spinels are a class of metal oxides with the gen-
eral formula of AB2O4 in which A and B are metal cations with 
oxidations states of  +2 and  +3, respectively. For some spinels A 
and B can be of the same element (e.g. Fe3O4). The majority of 
spinel compounds crystallize in the cubic crystal system (space 
group Fd3m) with the oxygen anions arranged in pseudo-cubic 
close-packed (ccp) lattice and the A and B cations occupying tet-
rahedral and octahedral sites [230]. The flexible crystal structure 
of spinels leads to a wide range of material properties and appli-
cations [231]. Perhaps the most commonly studied spinels for 
PEC are CaFe2O4 and ZnFe2O4, which will be described in more 
detail later. Other spinels that can potentially be employed as 
photoelectrodes include CuCr2O4 (Eg  ≈  1.4 eV) [232], CuAl2O4 
(Eg  ≈  2.1 eV) [233], CuCo2O4, CuFe2O4 (Eg  ≈  1.80–2.03 eV) 
[234], CuMn2O4, FeCr2O4 (Eg  ≈  1.33 eV) [235], and NiFe2O4 
(Eg  ≈  1.56 eV) [236]. The Trari group showed that these spi-
nels can photocatalytically evolve hydrogen when suspended 
as powders in solutions containing sacrificial reagents (S2−, 

−SO3
2 , or   −S O2 3

2 ) as hole scavengers [232, 233, 235]. These spi-
nels have ideal bandgap energies for producing high photocur
rent densities, but limited photoelectrode reports are available. 
Other spinels such as NiFe2O4 (NiFe2Ox), NiCo2O4 (NiCo2Ox), 
and CoGa2O4 have been reported to be highly active in the dark 
as electrocatalysts for the oxygen evolution reaction [237–240]. 
They therefore may be suitable to be combined as co-catalysts 
with certain photoanodes.

4.2.5.1. CaFe2O4.  Cuprospinel, CaFe2O4, is a p-type semicon-
ductor, which has been tested as a photocathode. It has a band-
gap energy of 1.9 eV (Jmax  ≈  17 mA cm−2) and the conduction 
and valence band edges are located at  −0.6 and 1.3 V versus 
RHE, respectively, so it should be able to reduce protons under 
illumination [241, 242]. CaFe2O4 photocathodes prepared by 
calcination of CaFe2O4 powder onto a Pt substrate had a pho-
tocurrent onset potential of 1.22 V versus RHE (0.31 V versus 

Figure 16.  Crystal structure of (a) triclinic FeVO4, (b) monoclinic Mn2V2O7, and (c) monoclinic Cu3V2O8.
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Ag/AgCl) in 0.1 M NaOH and reached a photocurrent den-
sity of ~  −  1 mA cm−2 at 0.11 V versus RHE (−0.8 V ver-
sus Ag/AgCl) [242]. When the photocathode was paired with 
a TiO2 photoanode in a two-electrode configuration, H2 was 
produced spontaneously without additional applied potential. 
Since then the quantum efficiency of CaFe2O4 photoelectrodes 
have not been improved significantly. Charge carrier transport 
may be a limiting factor. The mobility of CaFe2O4 has not been 
reported, but CaFe2O4 pellets showed conductivity values that 
were 2–3 orders of magnitude lower than Ca1−xNaxFe2O4 pel-
lets (x  =  0.02, 0.05, 0.2, or 0.4), which had mobility values in 
the range of 10−2–10−1 cm2 V−1 s−1 [243]. Electrical imped-
ance spectroscopy (EIS) was used to demonstrate that most 
photogenerated carriers in CaFe2O4 photoelectrodes recom-
bined within the bulk of the material rather than reaching the 
electrolyte surface [244]. Doping CaFe2O4 with Ag, Na, and 
Mg has been shown to increase photocurrent density under 
various illumination sources although the quantum efficiency 
remained relatively low (IPCE  <  3%) [243, 245]. An alterna-
tive approach to using CaFe2O4 has been to combine it with 
n-type metal oxides such as n-TaON and n-Fe2O3 forming 
heterojunction photoanodes resulting in anodic photocurrent 
densities up to ~1.6 mA cm−2 at 1.6 V versus RHE [246, 247].

4.2.5.2. ZnFe2O4.  ZnFe2O4 is an n-type semiconductor with 
a bandgap energy of 1.9–2.1 eV resulting in a Jmax of ~14.5 
mA cm−2 [248, 249]. It has been explored as an alternative 
to α-Fe2O3 because hybridization of the Zn 3d states shifts 
the valence band 0.2 V more negative relative to the valance 
band of α-Fe2O3, which could potentially lead to an ear-
lier photocurrent onset potential [249–251]. Mott–Schottky 
measurements place the flatband potential of ZnFe2O4 at 
0.51–0.64 V versus RHE, compared to 0.75 V versus RHE for 
α-Fe2O3 [252, 253]. Both α-Fe2O3 and ZnFe2O4 show mobil-
ity values on the order of ~0.1 cm2 V−1 s−1 [254–256]. Unfor-
tunately, most reports on ZnFe2O4 have not shown it reaching 
its full potential in regards to photocurrent onset potential and 
photocurrent density. ZnFe2O4 thin films deposited by aero-
sol-assisted chemical vapor deposition (AACVD) showed 
a flatband potential of 0.83 V versus RHE (−0.17 V versus 
Ag/AgCl) and a photocurrent density of  −350 µA cm−2 at  
~1.23 V versus RHE. Recently, the Lee group has prepared 
ZnFe2O4 nanorod photoanodes by converting β-FeOOH 
nanorods to ZnFe2O4 with annealing and etching techniques 
to remove excess ZnO [248, 257]. Then post treatments were 
performed such as annealing under air, vacuum, or hydrogen to 
control oxygen vacancies or hybrid microwave annealing. The 
resulting ZnFe2O4 nanorod photoanodes showed significantly 
higher photoactivity than the control films, but the photocur
rent densities were still on the order of 300 µA cm−2 at  
~1.23 V versus RHE. Recently, the kinetics of water oxida-
tion by ZnFe2O4 films prepared by atomic layer deposition 
was measured using intensity modulated photocurrent spectr
oscopy [253]. The photocurrent onset potential of ZnFe2O4 
was confirmed to be 0.2 V versus RHE more negative than that 
of α-Fe2O3 and the charge transfer efficiency was consider-
ably higher between 0.8 and 1.3 V versus RHE; however, the 
net photocurrent density was much lower than for α-Fe2O3.

5.  Combinatorial approaches in the discovery of 
novel complex metal oxides

As mentioned above, the vast material possibilities within the 
class of complex metal oxides represent a major challenge in 
finding the desired photoelectrode material. We therefore need 
to come up with a methodology to screen various materials 
with as little time as possible. Combinatorial chemistry has 
been used to address this challenge. It was first applied in the 
field of photocatalysis and PEC in 2001 by the group of Maier 
[258]. Since then a variety of combinatorial approaches have 
been used in the fields of photocatalysis and photoelectro-
chemistry [158, 259]. The Parkinson group has consistently 
used a combinatorial approach in searching for new multinary 
metal oxides to use as photoelectrodes starting with Al, Co, 
Cu, and/or Fe spinel type oxides [11, 260, 261]. They showed 
that Co3 – x−yAlxFeyO4 (where x and y are about 0.18 and 0.30, 
respectively) is a p-type semiconductor with an indirect band-
gap of 1.5 eV and a photocurrent onset potential around 0.9 eV 
[260]. Later arrays of Co3−xMxO4 [M  =  (Al, Ga, In)] were 
tested while varying the amount of Co (x) and the Al:Ga:In 
ratio [262]. The highest photocurrent relative to Co3O4 was 
achieved for Al:Ga:In ratios of ~1.5:1:1.9. Most recently, 
Fe–Cr–Al containing oxides were synthesized by magnetron 
sputtering and by scanned using an automated optical scan-
ning droplet cell [263]. Based on the scanning results a larger 
macroporous photocathode composed of Fe0.84CrAl0.16O3 
(Eg  ≈  1.4 eV, Jmax  ≈  −20 mA cm−2) was synthesized by sol-
gel to test in more detail [264]. It had a photocurrent onset 
potential of 1.1 V versus RHE and after optimization reached 
a photocurrent density of  −0.68 mA cm−2 at 0.5 V versus 
RHE under AM 1.5 illumination.

The Joint Center for Artificial Photosynthesis (JCAP) has 
also recently made progress in the combinatorial screening 
of electrocatalysts and photoelectrodes [265–271]. Arrays of 
(Ni–La–Co–Ce)Ox and (Ni–Fe–Co–Ce)Ox coatings on BiVO4 
were screened with anodic sweeps [266, 267]. In 0.1 M NaOH 
(pH 13), La0.2Co0.2Ce0.6Ox/BiVO4 and Fe0.5Ce0.5Ox/BiVO4 
photoelectrodes showed a photocurrent onset potentials of 
0.42 and 0.43 V versus RHE, respectively. They also screened 
(Cu–V)Ox system and reported α-Cu2V2O7, β-Cu2V2O7, γ-
Cu3V2O8, and Cu11V6O26 as potential absorber materials for 
photoelectrodes as described in the Metal Vanadates sec-
tion above [213].

One major challenge of these combinatorial approaches is 
in determining the criteria in searching the potential candi-
dates. Photocurrent at specific applied potential is probably 
the easiest parameter to screen. However, this may not be the 
ideal, since photocurrent is a convoluted parameter affected by 
the many key properties of the material and as a result prom-
ising candidate materials may be missed. It is arguably more 
useful to screen the potential candidates using their intrin-
sic properties, such as absorption coefficient, band positions, 
charge carrier mobility and diffusion lengths, surface reaction 
kinetics, and photoelectrochemical stability. Combinatorial 
experimental methods need to be further developed in this 
direction, although some efforts have indeed been initiated. 
High throughput efforts in theory (such as DFT calculation of 
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material libraries) have also been used, and need to be further 
developed, to help identify promising complex metal oxides 
[8, 208, 272, 273]. In the end, there needs to be a synergy and 
a constant feedback mechanism between these experimental 
and theoretical efforts to expedite the material discovery.

6.  Summary

In summary, this topical review has discussed numerous com-
plex metal oxide materials that are potential candidates to be 
used as photoelectrodes in a PEC water splitting system. Using 
BiVO4 as a case study it is shown that high efficiencies are 
possible with metal oxides. However, alternative metal oxides 
with higher theoretical maximal photocurrent densities must 
be developed in the same manner to obtain high efficiencies. 
Discrepancies between the currently observed and theoretical 
photocurrents are caused by various limitations, as already 
described in each sections  above (e.g. poor carrier separa-
tion and surface state recombination for CuFeO2, slow charge 
transport and non-ideal substrate interface for CuBi2O4, bulk 
recombination for CuWO4 and Fe2WO6, self-oxidation for 
SnWO4). Unfortunately, the materials limitations for some 
of the more novel complex metal oxides—such as the novel 
Cu(I) complex oxides and metal vanadates—are currently 
unknown due to lack of reported studies. Efforts are therefore 

needed to determine the key properties of these materials. 
The reported properties of the metal oxides discussed in this 
review are summarized in table 2.

Many of the metal oxides discussed in this review are plot-
ted in figure 17, which includes their Jmax and Δϕmax values 
(see Introduction for their definitions). Within each plots of fig-
ure 17, the ‘green’ category represents a promising category, 
where the theoretical achievable photocurrent is large enough 
(>10 mA cm−2) and a tandem combination with a simple sin-
gle-junction solar cell or another ideal photoelectrode would 
be sufficient. For the p-type photocathodes (figure 17(a)), 
many metal oxides fall within the promising ‘green’ category, 
where high efficiencies can be expected when combined with a 
simple single-junction silicon solar cell. The challenge is now 
to improve the achieved photocurrent closer to the theoretical 
maximal value (Jmax). Based on table 2, many of the important 
properties of these p-type photocathodes are still unknown. 
Studies are therefore needed to reveal these intrinsic properties 
and determine the main limitation of each material. Based on 
this, strategies that are already outlined in this review need to 
be further pursued for these p-type metal oxides. The situation 
is rather different with the n-type photoanodes. Of all the vari-
ous complex metal oxides discussed here, only two (FeVO4 
and SnWO4) fall within the ‘green’ category. These two metal 
oxides are still at the very early stage of their developments, 
and they need to be further investigated. In addition, combi-
natorial studies as described above need to be concentrated 
on this class of materials, which will hopefully result in many 
more discoveries of promising n-type complex metal oxides. 
Finally, we note that the list of complex metal oxides dis-
cussed here is not exhaustive. This topical review is expected 
to be used as a roadmap towards highly performing complex 
metal oxide photoelectrodes, which will expedite the pathway 
towards efficient commercial PEC water splitting devices.
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