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Progress in Ternary Metal Oxides as Photocathodes for
Water Splitting Cells: Optimization Strategies

Maria Isabel Diez-Garcia* and Roberto Gémez*

The conversion of solar energy into fuels and, specifically hydrogen, is a critical
process for ensuring the sustainability of the future energy system. Among the
different ways of converting solar energy into fuels and chemicals, photoelec-
trochemical tandem cells, containing two photoactive materials, stand out as
they have the potential for direct solar-to-fuel conversion, thus minimizing cost.
The implementation of photoelectrolysis for hydrogen generation is hindered by
the lack of suitable electrode materials, particularly photocathodes. Among the
candidates for photocathodes, ternary (and multinary) transition metal oxides
have the advantage of lower cost and, potentially, higher stability than other
metal compounds. Herein, the aim is to provide an overview of the current state
of the art for ternary oxides (spinels, delafossites, perovskites, etc.), with a focus
on the modification strategies that can optimize their behavior and applicability.
Both copper-based and iron-based ternary oxides are the most studied and,
currently, the most promising. Among the strategies being used for their
optimization, doping, the deposition of underlayers and overlayers, and the use of
cocatalysts are the most popular. However, it is apparent that both solar-to-
hydrogen efficiencies and stability will need to be addressed in the future. Some

concern. Furthermore, the problem of
the greenhouse effect has reached enor-
mous proportions because of the global
climate change experienced by the planet.
This effect is mainly attributed to CO,
emissions, although other gases, such as
CH, or N,O also contribute to a minor
extent.

The access to clean, carbon-free energy
technologies that could compete with the
price of fossil fuels, is expected to be a
key factor for sustaining the future energy
demand. Among them, nuclear power is an
alternative that currently provides a consid-
erable percentage of the electricity in
Europe and the USA, but it has some asso-
ciated problems such as the accumulation
of radioactive fission products. Biomass is
an attractive renewable source of energy as
chemical energy is stored from the sun
through photosynthesis but has the draw-

guidelines in this respect are also provided.

1. Introduction

Ensuring in a sustainable way the energy supply with the
preservation of the current living standards of our society is
one of the greatest challenges of the twenty-first century. The
world energy consumption is expected to grow nearly 50%
between 2020 and 2050. In 2019, fossil fuels provided about
80% of the total global energy supply, but this source cannot
sustain the future energy demand for a long time because of
finite reserves. The impact on both environment and human
health derived from the use of fossil fuels is another serious
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back of the large extensions of land

required to produce the biomass fuels. In

this regard, solar energy constitutes the

sustainable source with the highest poten-
tial to meet most of the energy needs.”! The sun provides about
120 000 terawatts (TW) of power to the Earth, and exploiting only
a fraction of the solar energy absorbed by the atmosphere, the
land, and the oceans could potentially be a renewable solution
to the current global energy challenge. It has been estimated that
aland coverage of 0.16% with 10% efficient solar conversion sys-
tems would provide 20 TW of power.[) The most efficient pho-
tovoltaic cells have very high efficiencies (more than 40%) on a
laboratory scale.l’) Most of the commercial solar panels are based
on Si, reaching power conversion efficiencies of 16%-21%.*!
Although the panel costs have been reduced in the last years,
the technology is still too expensive to compete with fossil fuel
systems.

The large-scale implementation of photovoltaic power plants
would require grid-based storage capacities because of the inter-
mittent nature of solar power. An interesting option is storing the
solar electromagnetic energy into the chemical bonds contained
in fuels such as H,, CH, or CH30H. Particularly, the production
of H, is attractive because it can be obtained from water, an
abundant and cheap compound and, importantly, because their
combustion is carbon-free, avoiding the problem of the green-
house effect. In this context, photoelectrochemical (PEC) water
splitting is a promising alternative, which consists in the conver-
sion of water into H, and O, using semiconductor materials as
photoelectrodes to convert sunlight energy into chemical energy
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(with or without the assistance of applied bias in the photoelec-
trochemical device). However, at present, 95% of the H, produc-
tion results from steam reforming of CH, and other light
hydrocarbons (from fossil fuels).’! Market viability of the photo-
electrochemical technology will depend on finding low-cost,
long-lifetime, and highly efficient materials for energy
conversion. This includes the development of strategies and
materials that stabilize and improve the overall photoelectro-
chemical response.

Photoelectrochemical cells for water splitting can be designed
with different configurations.[*® The simplest one consists of a
single light absorber material. Specifically, a photoanode (photo-
cathode) composed of an n-type (p-type) semiconductor, together
with a metal (or other electrode material working in the dark) as a
cathode (anode). When photons with energy higher than the
bandgap are absorbed by the semiconductor, electron-hole pairs
are photogenerated. They are spatially separated in the semicon-
ductor by the presence of an electric field in the space charge
region and/or through diffusion processes. The generated
minority charge carriers, holes in n-type, and electrons in p-type
semiconductors are driven to the semiconductor-liquid interface,
inducing redox reactions. In the case of water splitting, electrons
are employed to reduce water, producing H,, while holes are
consumed in water oxidation, generating O,. The majority
carriers are swept toward the back contact and transported to
the counter electrode (commonly a metal) through the external
circuit, supporting the other half-reaction (O, and H, evolution
in cells based on p-type or n-type electrodes, respectively). When
only one absorber material is employed (semiconductor), it must
have adequate conduction and valence band edges for both half-
reactions and absorb light with photon energies >1.23 eV to split
water without applied bias under ideal kinetic conditions.
However, the overpotentials needed for hydrogen and, especially,
oxygen evolution increase the minimum required bandgap value
well above 1.23 eV, even assuming that the band edges are pre-
cisely located to drive water splitting under minimum bandgap.
Thus, the bandgap needed for photoelectrochemical water split-
ting using a single photoabsorber is reported to be around 2 eV at
least,’® which significantly diminishes the use of the solar spec-
trum. To deal with these drawbacks, a more practical, albeit sim-
ple, device for water photosplitting has been proposed, namely
the tandem cell, which is composed of an adequate couple of
photoabsorbers, a photocathode and a photoanode as depicted
in Figure 1. Reported calculations have shown that a single
absorber PEC system can reach a maximum solar-to-hydrogen
(STH) efficiency of 31%, while tandem systems (with two absorb-
ers) can reach a value of 40%."'") Efficiencies above 15% can be
attained by combining a semiconductor with a bandgap of
1—-1.3 eV and another with a bandgap of 1.5—2.1 eV. In practice,
finding an adequate couple of semiconductors having bandgaps
comprised within these ranges is challenging.

Apart from the bandgap value constraint, which is crucial for
achieving high STH efficiencies, the photoelectrodes should
meet additional requirements. The most important ones for opti-
mum operation are: (i) Adequate band edge locations for water
reduction and oxidation reactions. (ii) High chemical stability in
the dark and under illumination. (iii) Efficient charge transport
(diffusion) across the semiconductor bulk. (iv) Low overpoten-
tials for the water oxidation and reduction reactions. In addition,
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Figure 1. Idealized PEC tandem cell configuration under illumination
schematizing the interfacial reactions for water splitting.

there are other requirements related to the viability of a practical
device: (v) Low-cost reagents for electrode synthesis. (vi) Low-cost
and scalable synthesis route. (vii) Materials composed of Earth
abundant elements. (viii) Nontoxic and environmentally friendly
materials.

Since the seminal work by Fujishima and Honda,'" a large
number of reports dealing with the study and optimization of
n-type materials for photoelectrochemical cells have appeared
in the literature. Up to now, TiO, has been considered as the
reference n-type semiconductor material owing to its high photo-
activity, nontoxicity, inertness, low cost, and abundance on
Earth.">" Unfortunately, it possesses a bandgap of 3-3.2eV
and it can only absorb photons in the UV range, which has
motivated intense research on narrower bandgap materials such
as hematite,'>1>18 WO, 1921 and BivO,.[22-2¢

It is worth noting that the number of reports dealing with
oxide photocathode materials is much scarcer than in the case
of photoanodes mainly because, in general, p-type semi-
conductor metal oxides display poor corrosion resistance and,
sometimes, low carrier mobility. Consequently, finding a high-
efficiency, low-cost, and stable photocathode keeps on being a
pending task. Earlier studies focused on nonoxide materials,
such as group III-V materials (like InP?~?%), Si*** and
SiC,**7) and chalcogenides.”® Most of them have demon-
strated high photoresponses although the stability is usually com-
promised as well as availability. In general, metal oxides present
the advantage of simpler synthesis procedures and higher chem-
ical stability. In this regard, some reports have dealt with the
state-of-the-art of photocathodes for water splitting™®®**~** and
some of them specifically focused on metal oxides.*>~>"
Among those composed of nontoxic and earth-abundant metals,
copper oxides (CuO and Cu,0) have been extensively studied,*~
*8l especially Cu,O. Despite the high photoresponses attained,
the major bottleneck of this material (and also of CuO) for water
photoreduction lies in its instability in aqueous solutions under
illumination,****4 leading to a photocurrent decay linked to the
reduction of Cu ions. In the last years, significant efforts have
been devoted to address this limitation by using protective layers.
Some strategies, such as the introduction of AZO(ALl:Zn0O)/TiO,
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layers and the loading of a cocatalyst have led to significant
improvements relating to both stability and efficiency.>*>%¢°
Despite these efforts, a copper oxide photoelectrode for a com-
mercially viable solar hydrogen device has not been accom-
plished yet.

For reaching the goal of viable high-efficiency tandem cells for
hydrogen production, substantial work is still needed. Currently,
the main limitations of these devices are related to the stability
and the low efficiencies of the photoelectrodes. Unfortunately,
many materials that exhibit suitable efficiencies under visible
light are found to be quite unstable under illumination, espe-
cially in the case of photocathodes. The main efforts for alleviat-
ing the durability issue focus on (i) the implementation of
protective surface coatings on materials already reported and
(ii) finding new compounds that exhibit superior stabilities.
Additionally, efficiencies must be improved by enhancing sun-
light absorption and charge carrier separation and collection.
Depending on the design of the tandem cell, the use of transpar-
ent substrates for the photocathode may be a requirement as a
single light beam should impinge both electrodes. In any case,
the cost of hydrogen production must be considered, and the use
of cost-effective reagents and procedures favored.

The limited number of useful binary metal oxides in electro-
chemistry makes it difficult to find a material with adequate
properties as a photocathode. More complex metal oxides (i.e.,
ternary, quaternary oxides) behave as semiconductors and pres-
ent high stability in aqueous environments. Indeed, many of
them have a suitable bandgap to absorb visible light and they
have an appropriate conduction band (CB) edge position for
water reduction.*>** This has motivated the release of a substan-
tial number of works devoted to ternary metal oxides (TMOs)
based on earth-abundant metals in the last years. The present
review aims to provide an overview of the state of the art of ter-
nary oxide photocathodes for water splitting, including the most
employed strategies to deliver high efficiencies and stabilities.

2. Ternary Oxides as Photocathodes

In the search for potential candidates for photocathodes, one
question that arises is how to select among the existing tens
of thousands of TMOs, particularly when only a small group
of materials has been studied. In this respect, three different
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systematic approaches can be adopted to identify the best candi-
dates for water splitting: (i) the combinatorial approach has been
used by the group of Parkinson for identifying new complex
oxide materials in the framework of the Solar Hydrogen
Activity Research Kit (SHArK) project.*’" An inkjet printing
of metal oxide precursors is used to fabricate multimetal oxides
with different compositions on the same conductive glass plate.
The sample is submitted to a thermal treatment. Then, the result-
ing film is immersed into an aqueous electrolyte and a laser scan-
ner interrogates locally the multinary metal oxide thin film to
detect photoelectrochemical activity under visible light. (ii) A sec-
ond approach is based on a computational screening of materi-
als. Density functional theory (DFT) calculations allow for the
prediction of properties such as the bandgap, band edge loca-
tions, effective carrier masses and optical properties. (iii) A third
approach would be merely bibliographic, and it would entail the
selection of the materials based on the properties reported in dif-
ferent studies, not necessarily related to photoelectrochemical
applications. The scheme in Figure 2 illustrates the approximate
band edge positions (and bandgaps) of different TMOs studied as
photocathodes for water splitting. They have adequate bandgaps
and CB edge positions for being used in water-splitting
photoelectrochemical tandem cells under solar irradiation.
Moreover, in many Fe-based materials, CuBi,O, and some
tantalates, CB and VB edge positions straddle both the O, and
H, redox couple levels, being potentially useful in single-photo-
absorber PEC cells. In this section, the main investigations on
ternary oxides as photocathodes for water splitting are reviewed.
The information has been organized according to the crystalline
structure of the oxides grouped in families. Table 1 summarizes
some relevant parameters for evaluating the PEC activity of
TMOs for their application in tandem cells.

2.1. Spinels

Spinels are compounds with the general formula AB,0,, where
A and B are metals with oxidation states 42 and +3, respectively.
Normal spinels crystallize in a close-packed cubic structure,
although the unit cell can also belong to the orthorhombic group.
The structure of the mineral spinel MgAl,O, is represented
in Figure 3a in which B*>" cations occupy octahedral sites while
A" occupy tetrahedral ones. Inverse spinels, such as NiFe,0,
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Figure 2. Band energy diagram showing the band edge positions (at pH = 0) with respect to the vacuum level and the reversible hydrogen electrode
(RHE) for selected TMOs able to absorb in the visible and reported for PEC hydrogen production.
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Table 1. Review of the main parameters for photoelectrochemical water reduction under 1 sun illumination for ternary metal oxide photocathodes:
bandgap, photocurrent onset potential and IPCE (Dir. and Ind. stands for the bandgap values derived from Tauc plots for direct and indirect
transitions, respectively).

Material Eg [eV] Eonset Vs RHE [V] IPCE [%] at 400 nm Electrolyte Ref.
BiFeOs 2.32 (Dir)) 0.75 0.21 0.1 M NaySO,4 [160]
2.46 (Dir.) (ref. [157]) 0.65%9 0.15 0.1M Na,SO, [159]
2.7 (Dir.) 0.87 0.69 0.1 M KOH [204]
AgRhO, 1.7eV 0.6V (pH 0 to 7) ~25 0.5 M KNOjs adjusted to different pHs [127]
0.8V (pH 9 to 14)
CaFe,0, 1.9 (Ind.) 0.7-0.8 - 0.25M K;SO,4 (pH 6), 0.1 M H,SO, [77,78]
1.99 1.24% ~39 0.1 M NaOH, 0.1 M Na,SO4, 0.1 M H,S50, 179]
1.89 (Dir.) 1.0% - 0.1 M Na SO, 180]
1.85 (Dir.) 1.15 - 0.1 M NaySO, 81]
1.9 (ref. [77]) ~0.99 0.2 (at 408 nm) 0.1 M NaySO,4 182]
Ca,Fe,05 2.1eV (Dir.) 1.22 - 0.5 m borate buffer (pH 11) [171]
CuBi,O4 1.4-1.5 (Dir.) 1.05 ~1.19 0.1 ™ Na,SO, adjusted pH 10.8 [91]
1.8
1.8 (Dir.) 0.55% ~3 (at 450 nm)? 0.1 M Na,SO, (pH 6) [233]
1.89 >1.0 ~29 0.3 M K,;SO, and 0.2 m phosphate buffer (pH 6.65) [94]
1.83 (Dir.) 1.19 - 0.1 M NaOH (pH 12.8) 193]
1.6eV (Ind.) ~1 ~0.759 0.1 M NaySO, [96]
1.72 (Dir.) ~19 ~4 0.3 M K;SO,4 and 0.2 M phosphate buffer (pH 6.65) [205]
1.77 eV (Dir.) >1 ~59 0.132 M KOH +0.05m KCl (pH 13) [100]
1.82 (Dir.) 0.9 ~109 0.1 M Na,SO, (pH 6.8) [101]
1.74 1.15 ~109 0.5M NaOH (pH 13.5) [108]
1.5 ~19 ~79 0.3 M K,;SO, and 0.2 M phosphate buffer (pH 6.65) [207]
1.79 (Dir.) 12 ~139 0.1 K,HPO,/K3PO, (pH = 11.66) [104]
CuCro, 3.15 (Dir.) 1.06 ~19 0.1 M HCIO, 129]
CuFeO, ~1.55% 0.98 ~1.59 1M NaOH (pH 13.5) 3]
3.10 (Dir.) 0.9 - 1M NaOH (pH 13.6) 14
1.47 (Ind.)
- 0.89 ~29 1M NaOH [216]
1.55 (Dir.) 0.65 - 1M NaOH (pH 13.5) n21
CuFe,0, 1.84 (Ind.) 1.05 ~169 1M NaOH (pH 13.5) [217]
1.97-2.21 (Dir.) 0.89-1.07 6-18 (at 450 nm)? 1M H,SO, 189]
CuNbO; ~2%) 0.7% ~3.59 0.5M Na SO, (pH 6.3) [136]
CuNb;04 1.47 (Dir.) 0.7° ~5.59 0.5M Na SO, (pH 6.3) [165]
1.26 (Ind.)
CuRhO, ~1.99 1.0% ~18% 1M NaOH [126]
CusTa O30 2.59 (Ref. [234)) >0.7 - 0.5M Na,SO,4 (pH 6.3) [163]
CusTa;O9 2.47 (Ref. [234)) >0.7% ~3.59 0.5M Na,SO, (pH 6.3) [163]
CusVO, 1.17 (Dir.)/1.14 (Ind.) 0.799 - 0.5M Na,SO, (pH 5.8) [169]
LaFeO, 2.56 (Dir.) 1.1 ~0.359 0.1 M Na,SO, adjusted pH to 12 137]
- 1.099 ~1.89 1M NaOH [138]
2.0 (Ind.) 1.45 - 0.1 M NaOH [139]
2.7 (Dir))
2.16 (Dir.) 1.27 - 0.1 M NaOH (pH 13) [144]
2.4 (Dir.) 12 ~2.29 0.1 M NaOH (pH 13) [140]
2.43 (Dir)) 1.3 - 0.1 M NaOH (pH 13.6) [141]
LuRhO3 22 0.65%9 - Aqueous, adjusted to pH 7 [133,134]
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Material Eg [eV] Eonset Vs RHE [V] IPCE [%] at 400 nm Electrolyte Ref.
Sr,Fe10022 1.8 (Ind.) 0.7 - 0.25 M K,SO;4 (pH 6) [77]
YFeOs 2.54 (Dir.) 1.15 <0.02 0.1 M NaOH [146]
ZnRh,0, 2.0 (Ind)) 1.2 ~89) 0.1m Na,SO, (pH 6) [109]

2value extrapolated from the absorption edge ®Calculated as E(V vs RHE) = E(V vs ref) -+ 0.059-pH + Eye, where E,fis the potential of the reference electrode with respect to

SHE. When the measured pH value is not specified, the theoretically estimated value from the electrolyte composition is considered (except for 0.1 M Na,SO, for which pH = 6
is considered). E,.f(SCE) = 0.244 V versus SHE and E,.f(Ag/AgCl(sat.)) = 0.199 V versus SHE?**! 9Read from a linear voltammogram under (chopped) illumination “Read

from an IPCE versus A plot.

Figure 3. a) MgAl,O, cubic spinel (AB,O,) (pattern 101-0129, COD database) with a space group Fd-3m. b) CuFeO, (ABO,) delafossite structure
(pattern 153-3117, COD database) with a space group R-3m (trigonal). c) LaFeO; cubic perovskite (ABOs) (pattern 154-2144, COD database) with

a space group Pm-3m.

have the same crystalline structure but the B cations occupy tet-
rahedral sites while half of the occupied octahedral sites are occu-
pied by A and the other half by B.

Ferrites (B = Fe) constitute the most studied group of spinels
in photocatalysis,”? especially for water remediation. They are
good candidates as PEC materials because they can exhibit both
n-type and p-type behavior together with a relatively narrow
bandgap, which enables them to absorb visible light.”*! In fact,
their photocatalytic ability for H, production has already been
studied.”27+7¢!

Calcium ferrite (CaFe,0,) was one of the first ternary oxide
materials studied as a photocathode for water splitting.
Having a relatively narrow bandgap (1.9 eV), it can absorb visible
light, and it has a suitable CB edge position for water reduction.
Matsumoto et al.””! were the first to describe the use of CaFe,0,
as a photocathode for the hydrogen evolution reaction (HER)
using a pellet sintered at high temperatures (1200°C). They
determined that Fermi level pinning (FLP) occurs at the semi-
conductor—electrolyte interface and consequently, low efficien-
cies were ascribed to a low electron concentration at the
surface. Later, the same authors revealed that FLP arises from
the presence of surface states linked to the redox levels of the
Fe*"/Fe’™ or Fe’"/Fe’™ couples at the surface.”®

Sol. RRL 2022, 6, 2100871 2100871 (5 of 24)

Additionally, they managed to enhance the CaFe,0, photores-
ponse by improving the semiconductor/metal contact by sputter-
ing an Au or Pt-Pd alloy film between the oxide and the Ag paste.
Later, Ida et al.”®! constructed a tandem cell for water splitting in
basic media using an (hk0)-oriented calcium ferrite film coated
on a Pt substrate as a photocathode and a TiO, electrode as a
photoanode (Figure 4a). Although H, and O, gases were detected
(Figure 4b), the main drawback of CaFe,0y, is the high tempera-
ture required for electrode preparation and the slow decomposi-
tion of the material because of photocorrosion reactions revealed
by a decrease of the photocurrent over time (Figure 4c).
Importantly, Cao and co-workers®”! were able to coat a fluo-
rine-doped tin oxide (FTO) substrate with a 100 nm-thick
CaFe,0, film by using PLD at relatively low temperatures for
the first time. More recently, photoelectrochemical impedance
spectroscopy (PEIS) was employed to investigate the kinetics
and interfacial characteristics during photoelectrochemical
hydrogen production in CaFe,04 photocathodes by developing
an analytical interfacial model.®" That work revealed that most
of the photogenerated carriers recombine in the material bulk
and that the interface is partly governed by FLP in agreement
with the results reported by Matsumoto et al.”””#) who uncov-
ered that the presence of surface states precludes a substantial

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a) Current—potential curve for a photoelectrochemical cell, illustrated in the inset, composed of a CaFe,O, photocathode (2 cm?) and a TiO,
photoanode (0.5 cm?). b) Amount of photogenerated H, and O, and c) current-time curve of the photocell at short circuit. Reproduced with

permission.””) Copyright 2010, American Chemical Society.

increase of band bending with changes in the applied potential.
More recently, Kirchberg et al®? obtained 250 nm-thick
CaFe,0, films by using a simple sol-gel based synthesis, achiev-
ing hierarchical pore morphology by means of a polymer tem-
plate. The charge separation efficiency calculated for these
electrodes was very low, indicating a high bulk recombination
rate, in agreement with the findings of Diez-Garcia and
Gémez.BY

The spinels CuFe,0, and ZnFe,0, have been reported as pho-
toanodes®*®% or photocathodes!®## depending on the synthetic
route. Diez-Garcia et al. fabricated a CuFe,O4-based photocath-
ode on a transparent substrate for the first time.®”] Despite the
modest photocurrents detected, it stands out because of the ade-
quate band position for H, evolution, narrow bandgap, and the
abundance of the constituent metals. More recently, Maitra
et al.B% synthesized nanoflake-like CuFe,O,4 through a two-step
solvothermal method. First, hematite was solvothermally prede-
posited on conducting glass, with subsequent Cu®* impregna-
tion at different temperatures, which enabled controlling the
degree of spinel inversion in the final ferrite material.
Remarkably, IPCE values higher than 18% were achieved for
wavelengths in the range of 450-500 nm.

Some AB,0, compounds not containing iron have also
attracted considerable interest. For instance, CuBi,O, has also
been widely investigated, especially in the last years,”®% since
Arai et al. discovered its potential use as a new visible-light-
responsive p-type semiconductor in 2007.° It crystallizes in a
kusachiite-type structure consisting of CuO,4 units staggered
along the c-axis and separated by Bi*" ions, each of which is
linked to six O atoms (Figure 5a).° Hahn et al.’" achieved
the synthesis of photoactive CuBi,0, films composed of inter-
connected particles by electrodeposition. The material possesses
a bandgap of 1.8 eV and a suitable photocurrent onset located at
around 1.05V versus RHE. Although the photocurrents were
modest (25-35pAcm™?), they were stable (after an initial
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decrease) for over 1h of illumination at pH 10.8. However,
the films were unstable in acidic electrolyte. The low photocon-
version efficiency of these films was, in part, ascribed to hindered
hole transport because of both a deficient particle attachment to
the FTO (poor adhesion of the films) and the existence of inter-
particle boundaries. Later, a more profound analysis of CuBi,;O4
electrodes prepared by drop-casting was performed by Berglund
et al."! Relevant properties for this material are summarized in
the table of Figure 5a. That work revealed two different hole life-
times of 32 ns and 819 ns, which implies that some of the photo-
generated carriers recombine quickly while others are relatively
long-lived. Furthermore, as the carrier diffusion length was
much shorter (10 nm/52nm) than the light penetration depth
(244 nm for 550 nm light), most of the photogenerated carriers
likely recombine before reaching the semiconductor/electrolyte
interface. Apart from the poor hole transport, the formation of a
Schottky barrier at the CuBi,O4/FTO interface is also a limiting
factor for the photoelectrochemical performance. Finally, poor
reaction kinetics for H, evolution and/or the presence of electron
traps at the surface are suggested to explain the dramatic increase
of incident photon-to-current conversion efficiency (IPCE) values
observed in the presence of H,0, as an electron scavenger
(Figure 5b). The relatively narrow bandgap of CuBi,0,, together
with the favorable photocurrent onset make this material prom-
ising for being coupled to wider bandgap n-type semiconductors
in tandem cells. In fact, overall water splitting has been
tested using CuBi,O, as a photocathode and Cuwo,,1%
ZnIn,S,, % or W:BivO,[*% ag photoanodes. In some cases,
the tandem cells have been shown to work under bias free
conditions.

The photoelectrochemical properties of ZnRh,0, have
recently been uncovered."” A porous photoelectrode was fabri-
cated through electrophoresis using ZnRh,0, powder previously
obtained through a solid state reaction. Having a bandgap of
2.0eV and a very positive onset potential (1.2V vs RHE), an
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Figure 5. a) Crystal structure of CuBi,Oy, being Bi, Cu, and O atoms the blue, orange and red spheres, respectively. The table shows the properties of
CuBi,0, relevant for PEC applications. b) IPCE spectra for CuBi,O4 and CuBi,O,/Pt electrodes at 0.6 V versus RHE in 0.3 M K,SO,4 and 0.2 M phosphate
buffer solution (pH 6.65), either purged with Ar or after H,O, addition. The dashed line represents the maximum IPCE values that can be reached
based on the absorption spectra. Reproduced with permission.*l Copyright 2016, American Chemical Society. c) Linear sweep voltammogram under
1 sun transient illumination at 10mVs™' of a CuFeO,/FTO electrode in 1M NaOH purged with Ar (red line) and O, (blue line). Reproduced
with permission.'"l Copyright 2015, Wiley-VCH. d) Proposed energy band diagram for an isolated CuFeO, electrode in the dark. Reproduced with

permission.l"'*! Copyright 2017, American Chemical Society.

IPCE value of ~8% was reached at 400 nm. Likewise, H,
gas was detected by irradiating at A >420nm, and a Faradaic
efficiency of 77% was determined.

2.2. Delafossites

Delafossite-type oxides are compounds with the formula ABO,,
where A and B are metals with oxidation states +1 and +3. They
have a layered structure with a sheet of linearly coordinated A
cations and layers of BO; octahedra sharing edges. The structure
is shown in Figure 3b for the mineral delafossite, CuFeO,.
Concretely, Cu(I) based delafossites have received considerable
attention in the field of transparent conductive oxides
(TCOs)!M%2] for optoelectronic devices. Most of them are wide
bandgap semiconductors, such as CuYO,, CuAlO,, CuGaO,, or
CulnO,, and exhibit high transparency and carrier mobility. Only
a limited number of Cu(I) delafossites have bandgaps sufficiently
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narrow for PEC applications, being among them CuFeO, and
CuRhO,. Their high stability in aqueous media is a major advan-
tage of Cu(l) delafossites, since this is one of the current chal-
lenges for achieving a practical device.

CuFeO, is the most studied delafossite for water photosplit-
ting since, in 2012, Read et al.''? reported the first study about
the use of a CuFeO, film deposited on an FTO transparent sub-
strate as a photoelectrode. In that work, a new electrodeposition
route was developed to prepare thin compact films with a
bandgap of 1.55 eV. The authors highlighted the thermodynamic
feasibility to produce H, on this material under illumination
while absorbing the entire range of the visible spectrum and
delivering IPCE values up to 2% (at 350 nm). Later, Prévot
et al."™* reported on a sol-gel citrate-nitrate based technique
to prepare CuFeO, thin films that presents several advantages
compared with electrodes synthesized via electrodeposition, such
as straightforward solution processing of the films or the ability
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to tune the layer thickness. Using an electron scavenger such as
O,, the photocurrents were reasonably large and stable for days.
Conversely, the photoresponse for H,O reduction was low
(Figure 5c¢), which was attributed to both poor charge separation
and transport properties, and sluggish charge transfer at the
semiconductor/electrolyte interface. Later, the same authors
reported a high mobility (0.2cm?®V~'s™") and a relatively long
lifetime (200 ns) for the photogenerated carriers.'** Thus, they
concluded that the limitation of the photoactivity is linked to the
presence of a high density of surface states (10" cm %) acting as
electron traps (Figure 5d), promoting charge recombination and
causing FLP at the surface. Alternatively, Jaegermann and co-
workers, claimed that FLP due to the formation and occupation
of the bulk Fe**/Fe®" electron polaron level precludes CuFeO, to
develop the photovoltage for reaching the water reduction poten-
tial.!"'% In a subsequent work, an IMPS analysis revealed that
although bulk recombination was an important loss, the perfor-
mance bottleneck for hydrogen production of CuFeO, electrodes
synthesized by aerosol-assisted chemical vapor deposition is sur-
face recombination.'*”! Many other reports have appeared in the
last years pursuing both higher photoelectrochemical activity by
using different synthetic routes and an in-depth understanding
of the PEC performance of this material.'*®2* Despite the low
photocurrents reported for water reduction, the material keeps
on attracting interest owing to the Earth abundance of the con-
stituent elements, narrow bandgap, high charge carrier mobility,
and excellent stability in aqueous media under the typical con-
ditions of applied potential and solution pH used in the experi-
ments."®! This has motivated the development of different
strategies to overcome the barriers for water reduction, which
will be commented in Section 3.

On the other hand, p-type CuRhO,, with a bandgap of 1.9V,
was also investigated as a photocathode under visible irradia-
tion."*! H, was produced when using 1M NaOH solutions
purged with either air or Ar. The authors concluded that water
photoreduction was preferred over oxygen photoreduction on
this material. In addition, the photoelectrode tended to corrode
under illumination in an Ar-purged electrolyte with the forma-
tion of Cu(0) (detected by XPS) while in the presence of O,,
Cu(0) was not detected. In the latter case, the measured
Faradaic efficiency for hydrogen generation was ~80%. Later,
the same group also tested p-AgRhO, as a photocathode for
HER, showing even higher photocurrents and photostabilities than
CuRhO,. The faradaic efficiency was around 95% from pH 0 to
14.'*1 However, despite the suitable properties as photocathodes
of Rh oxides (see also ZnRh,0,, Section 2.1), the practical use of
materials containing platinum-group metals is compromised due
to their scarcity and, consequently, their high cost.

Wide-bandgap delafossite materials have also been examined
for PEC water splitting. Besides CuGa0,,"*® Diaz-Garcia
et al'?? inspected the photoelectrochemical properties of
CuCrO, delafossite thin films prepared by a sol gel route.
Although the material bandgap is too wide to absorb in the
visible range (3.15 eV) of the solar spectrum, the IPCE attained
values near 6% at 350 nm, which is remarkably high compared
with other p-type oxide materials. It is also worth noting the excel-
lent stability of the photoresponse in both acidic and alkaline
media.
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2.3. Perovskites

Perovskite type oxides are compounds with the formula ABOs,
where A and B are metals with different combinations of oxida-
tion states (A" and B™®, A™? and B™, A" and B™®). The ideal
structure is a cubic lattice (Figure 3c) consisting of small B cat-
ions in oxygen octahedra and larger A cations coordinated by 12
O atoms. Commonly these materials present a distortion of the
lattice leading to other variants with lower symmetry, such as the
orthorhombic or hexagonal structures.['**"3! 1t is worth noting
that ilmenite oxides have the same stoichiometry, (i.e., ABO3).
The prevalence of the perovskite or ilmenite structures depends
on the ratio between the ionic radii of the constituent metals.!**
To the best of our knowledge, the first works regarding perov-
skite oxides as photocathodes were released in 1980 by Jarret
et al.**13* They constructed an electrolytic cell that produced
hydrogen without applying external bias using p-type LuRhO3
as a photocathode and TiO, as a photoanode. Despite the long
time elapsed from the publication of this paper, further relevant
work on LuRhOj as a photocathode has not appeared. In 1987, a
preliminary study of the photoelectrochemical behavior of
LaCoO; was published."*! More recently, the group of
Maggard studied for the first time the photoelectrochemistry
and electronic structure of CuNbO;."*®! Photoelectrodes were
prepared by the doctor blade technique from presynthesized
pure CuNbO; powders. In Ar-purged Na,SO, solution, the
IPCE reached rather high values, exceeding 5%. Its absorption
extends to the visible range (optical bandgap ~2.0 eV), although
the onset of the photocurrent was not too positive (0.7 V vs
RHE). The excellent stability of the photocurrent (over several
hours) when applying significant bias is remarkable.
Lanthanide iron perovskites, such as LaFeQ,,137-1*1
NdFeO3,"*# and PrFe0;*! have emerged as photocathodes
for PEC in recent years since Celorrio et al.'*”) reported a nano-
structured LaFeOj electrode as a photocathode for the first time.
In that work, high purity powders were prepared by a novel ionic-
liquid-based method and then screen printed, resulting in thick
nanoparticulate films. Despite cathodic photocurrents start
appearing at 1.1V versus RHE, the photoresponse for HER
was modest. Based on this work, Yu et al.'*® fabricated
100 nm-thick film electrodes over a conductive substrate by
PLD. They were able to construct a p-LaFeOs/n-Fe,O; photocell
detecting H, and O, with a ratio of nearly 2:1 and stable photo-
response, at least for 120 h, using visible light but with the appli-
cation of a significant bias. More recently, thin film LaFeOs
electrodes were synthesized at 640°C by a sol gel method
combined with spin coating over an FTO substrate.'** The
photoelectrodes exhibited low photocurrents in an N,-purged
electrolyte, which dramatically increased in the presence of O,
as an electron scavenger. A similar behavior was observed by
Liu et al."** and Freeman et al."** using different synthetic
methods, not only for LaFeOs, but also for NbFeOs; thin films.[14%
The need for modification of the material in order to overcome
the sluggish charge transfer to water is apparent. Moreover,
YFeOj; photoelectrodes have been studied as both amorphous
and nanostructured thin film electrodes, being the temperature
for the crystallization of the material higher than in the case of
LaFeQ;.!*% Despite the photocathodic behavior, for both types of
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electrodes, the photocurrents were very low, revealing poor
charge transport across the films. Besides the photocathodic
behavior of LaFeOs photoelectrodes described above, it must
be emphasized that several authors have reported anodic photo-
currents for this material."*~'*3 This suggests that the electrical
properties of the material critically depend on the synthesis pro-
cedure, which can lead to different types of impurities and
defects.

BiFeOs can also exhibit n- or p-type behavior, being mostly
described as a photoanode."** %) Among others,"*”~'*" Gu
et al.l'®" obtained a BiFeOj; film on a transparent conductive sub-
strate behaving as a photocathode with a bandgap of 2.3 eV.
Photocurrent—potential curves showed an onset potential of
0.75V versus RHE in 0.1 M Na,SO, aqueous electrolyte and
low photocurrents (IPCE 0.21% at 400 nm) for the bare material.
More recently, Ge et al.**? showed a photocathodic behavior for
BaBiOj; electrodes. They compared compact electrodes obtained
by a sol-gel method and nanoporous electrodes prepared by
screen printing. The latter showed the best performance,
reaching 1 mA cm ™2 at 0V versus RHE with one sun illumina-
tion, but they suffered from photocorrosion.

2.4. Other Ternary Oxides

Other ternary oxide materials cannot be classified into one of the
above structural groups. One of them is SryFe;90,,, which was
reported by Matsumoto et al. in 1987 together with CaFe,0,,””)
as a new photocathodic material for hydrogen evolution.
Quantum efficiencies up to 10% were attained with visible light,
but the authors stated that the photocurrents were not very stable
in a long-term test.

Cu-based vanadates, tantalates, and niobates have been mainly
explored by the group of Maggard.[** Cu(I) tantalates present the
general formula Cu,Ta;,,10g,3 Their structure consists of
layers of TaO; pentagonal bipyramids alternating with layers
of linearly coordinated Cu(l) and TaOg octahedra.®”! Films of
p-type semiconducting CusTa;;03p and CusTa;Oqol'¢% 16
exhibit IPCE values of 1-2% for 500-600 nm. Different Cu nio-
bates have been tested as photocathodes for HER such as
CuNbO3,[136] CU.Nb3Og,[165] CuNbZO(,,[l(’G] and CUZNb8021,[167]
and also for CO, reduction.'61%8] Specifically, CuNb;Og was
prepared by means of presynthesized powders coated on an
FTO substrate.'® The photoelectrochemical properties were
measured at pH 6.3 reaching IPCE values around 6% at
400nm and Faradaic efficiencies for hydrogen generation of
62%. This material exhibits a high hole mobility
(145 cm®V~'s71), but a low acceptor density (=7 x 10" cm3).
Regarding copper vanadates, Cu;_,VO, was reported to have
a narrow bandgap of 1.2eV.'*! Recently, Song et al.l'’”
reported thin film p-type CusV,0;, obtained by spray pyrolysis,
having a bandgap of 1.8-2.0 eV. Moderate absorption properties
and extensive charge trapping preventing the photogenerated
carriers from reaching the interface are linked to the low photo-
currents detected. In addition, copper reduction and dissolution
cause poor chemical stability. In general, these Cu-based
materials exhibit narrow bandgaps (as low as 1.2 eV) and large
initial photocurrents, but their stability over time should be
improved.
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Ca,Fe,0s has been recently examined as a photocathode,
showing a relatively narrow bandgap of 2.1 V.Y That work
stands out because it is the first devoted to a browmillerite-type
material in PEC research. Ca,Fe,Os photoelectrodes were
achieved by drop-casting a Ca®" solution on a FeOOH film,
and then heating at 650 °C. The electrodes show an onset poten-
tial as positive as 1.22'V versus RHE for water reduction, and
1.36V for O, reduction, with the drawback that the material
is not completely photostable.

3. Strategies for Improving Photoelectrochemical
Performance

The overall PEC water splitting reaction can be considered to
involve three main steps: (i) light absorption by the semiconduc-
tor to generate electron—hole pairs, (ii) charge separation and
transport (migration/diffusion) of the minority charge carriers
to the semiconductor surface (and the majority charge carriers
to the back contact), and (iii) charge transfer at the semiconduc-
tor/electrolyte interface for water reduction or oxidation.
Engineering the electrode is a primary component of the
research aiming to improve the performance of the materials
to obtain an efficient and durable solar water splitting device.
As reviewed in the above section, bare TMOs suffer from serious
issues that limit the H, generation efficiency. Overall, the most
common approaches adopted in photoelectrode design!'’*'”*! to
tackle such shortcomings (Figure 6) are: (i) Increasing light
absorption by engineering the electronic structure of the semi-
conductor through doping, by the modulation of the material
architecture, or through dye sensitization. (ii) Enhancing major-
ity charge carrier collection in the back contact by creating het-
erojunctions, or by increasing the conductivity through doping.
(iii) Diminishing surface recombination and/or increasing
minority carrier extraction by depositing passivation or extracting
layers. (iv) Increasing the rate of charge carrier transfer to the
electrolyte by nanostructuring the material or attaching a surface
cocatalyst. (v) Improving the stability of the material (reducing
photocorrosion) by loading protective layers.

The organization of this section will be based on the strategies
employed to improve PEC water splitting according to the differ-
ent steps of the process as stated previously. For each one, the
rationale behind the strategies is described together with a revi-
sion of the most relevant achievements, emphasizing those
linked to TMOs as photocathodes. The stability issue is usually
linked to other strategies that affect the semiconductor surface,
such as heterojunctions, passivation layers and deposition of
cocatalysts, and consequently they are addressed concomitantly
with the other effects. At the end of the section, Table 2 includes
some relevant reports on TMO PEC improvement by modifica-
tion according to these strategies.

3.1. Improving Light Absorption through Doping,
Nanostructure Engineering, and Dye Sensitization

One important challenge in finding a photoelectrode meeting the
requirements specified in the introductory part is that the mate-
rials demonstrating high (photo)electrochemical stability usually
have too wide bandgaps, the most popular example being that of
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Figure 6. Scheme showing potential strategies employed in TMO photocathodes for improving the different photoelectrochemical hydrogen evolution

steps.

TiO,. Materials with poor absorption in the visible range of the
solar spectrum have a limited use in PEC applications. To over-
come this limitation, two main approaches are adopted when the
material possesses a wide bandgap. First, doping to produce extra
energy levels within the forbidden gap that may enhance visible
light absorption. The drawback is that these states can also act as
recombination centers, bringing in new recombination routes.
Most of the studies exploring this strategy were targeted on
TiO,. Itis reported that the introduction of C, N, and S as dopants
in TiO, provide additional electronic states above the valence
band edge, producing a red-shift absorption.'”* Second, sensitiz-
ing a wide bandgap semiconductor with a dye also enhances light
harvesting. Dye-sensitized photoelectrochemical cells (DSPECs)
emerged from the idea of the widely studied dye-sensitized solar
cells (DSCs). In this approach, a dye (sensitizer) is loaded at a
mesoporous semiconductor surface and allowed to induce a pho-
tocurrent using photons with energy lower than the semiconduc-
tor bandgap.l'”®! In this case, the dye absorbs the visible light,
charge separation takes place at the dye/semiconductor interface
and charge transport mainly occurs through the semiconductor
(and electrolyte). This strategy has been widely employed in
the case of TiO, photoanodes for over 20 years, while for photo-
cathodes most of the works have focused on NiO.!'”®!

The generation of nanostructures is another widely used strat-
egy in photoelectrochemistry. Among the potential advantages of
nanostructures are the shorter carrier collection path and the
improvement of light absorption induced by scattering. In con-
trast, in some nanostructures surface recombination can
increase because of a larger interfacial area, lack of a fully devel-
oped space charge layer (charge carriers move by diffusion rather
than by drift) and slow interparticle charge transport. These dis-
advantages are partly reduced in quasi-1D and -2D structures
such as nanocolumns, nanoflakes, etc. Photonic nanostructures
can also help to confine light and, thus, enhance light absorption.

3.1.1. Shift of the Absorption Edge

In the case of TMOs, some works have shown an enhancement
of light absorption by the introduction of a third metal in the
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structure (doping). In this way, doping SrTiO; with rho-
dium!”7*# not only switches the n-type character of pristine
SrTiO; to p-type (further explained in the next section), but also
increases the absorption coefficient in the visible region.
Iwashina et al.'””! established that an absorption band appearing
at ~400nm is related to electronic transitions from electron-
donor levels consisting of Rh*", while another absorption band
at ~600 nm is linked to transitions involving acceptor levels con-
sisting of Rh*". A red-shift of the absorption edge from 2.11 to
1.97 eV has been reported for ZnFe,0, upon doping with Co.#
K-doping was also shown to decrease the bandgap of LaFeOs by
about 0.2 eV by lowering the energy of the CB edge.’”®! Very
recently, a rather similar effect was reported upon Li doping
in LaFe0,.[18% Conversely, the introduction of Ta in CuNbOs;
photoelectrodes yields a small blue shift of the bandgap, although
this effect does not produce a significant impact on the photocur-
rent values.'®"

3.1.2. Dye Sensitization

Recently, dye sensitization has been reported for CuGa0,,!**
CuCr0,,"® and LaFeO5!"®" photocathodes. Kumagai et al.l'®
fabricated a new hybrid composed of CuGaO, with a Ru(II)-
Re(I) supramolecular photocatalyst that outperforms the photo-
activity for CO, reduction to CO reported in a previous work
using NiO instead of the ternary oxide. Regarding H, photogen-
eration, Reisner and co-workers!"®®! used for the first time
CuCrO, after co-immobilization of a phosphonated diketopyrro-
lopyrrole dye and a Ni-bis(diphosphine) catalyst. The hybrid pho-
toelectrode shows a photocurrent onset potential of +0.75V
versus RHE. On the other hand, LaFeO; was employed
together with a molecular dye (P1*) and a NiP catalyst,
doubling in this way the photocurrent of the bare
electrode.'®¥ In this case, both LaFeO; and P1* absorb visible
light. Li et al. also achieved an improvement of the photores-
ponse by sensitizing CuFe,O, mnanostructured electrodes
with a porphinato-manganese complex."®") These works have
paved the way for the application of dye sensitization not only
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Table 2. Review of the main strategies employed in ternary oxide photocathodes and the evidences of the improvement in the photoelectrochemical

performance.
Material Strategy Evidences of PEC improvement Ref.
CaFe,04 Metal doping with Ag, Ag doping leads to the best photoresponse. IPCE ~0.3% for undoped and 2% [215]
Au and CuO for doped (at 420 nm in O,-purged 0.2 M K,;SOy).
CaFe,04 Doping with Na and Mg The photocurrent increases from ~0.35 to 1.4 mAcm ™2 (in 0.1 M H,SO,) after [212]
the introduction of Na and Mg.
CuBi,O4 CuBi,O,4/Pt IPCE increases from ~2% to ~9% after Pt loading [94]
(in pH 6.65 at 400 nm).
Doping with Ag: Increase of the photocurrent values. IPCE of 24.5% for Ar-purged and ~8.5% in [93]
CuBi,O4/Ag- O,-purged 0.1 M NaOH (at 400 nm) for the doped electrodes.
doped CuBi,O4
Heterojunction + cocatalyst, Pt: CuO/CuBi,O4/Pt doubles the photocurrent for the homo-layered electrodes [208]
CuO/CuBi,O,/Pt (also with Pt). IPCE higher than 30% (in pH 6.8 at 400 nm).
Au underlayer Increase of the photocurrents from 0.23 to 1.2 mA cm ™2 at 0.1V versus RHE in [96]
FTO/Au/ CuBi,O4 0.1 M Na,SO,
Heterostructure with polythiophene Increase of the IPCE from 4 to 6% at 400 nm [205]
CuBi,O4/PTh
CuBi;O4/NiO heterojunction Photocurrent increase from 1 mA cm ™2 for the bare CuBi,O, to 1.5 mA cm 2 for [200]
the CuBi,O4/NiO at 0.4V vs RHE
CuBi,O4/Graphene oxide (GO) Two-fold enhancement in the photocurrent in CuBi,O4/GO with respect to the [199]
CuBi, Oy electrodes.
CuBi,04/TiO, (protective layer) Enhanced photocurrent stability in both neutral and alkaline media. [202]
CuO/CuBi, 04 Photocurrent at 0.4V vs RHE changes from 1.16 to 2.8 mAcm 2 upon [108]
heterojunction + loading Pt as the CuO/CuBi,O, heterostructure formation and to 3.5 mAcm™>
cocatalysts after Pt loading.
Cu:NiO back contact Increase of the photocurrent density at 0.6 V vs RHE from 2.26 to 2.83 mAcm ™2 [207]
(FTO/Cu:NiO/CuBi,O4) in presence of H,0,.
CuBi,O,4/Pt Increase of IPCE values from &13% to ~20% after Pt loading [104]
CuFeO, Heterojunction + cocatalyst, Pt: A large increase of the photocurrents up to 0.8 mAcm ™2 (Ar-purged buffer [114]
CuFeO,/AZO/TiO,/Pt electrolyte at pH 6.1), albeit with onset shift toward negative values, from 0.9 to
0.4V vs RHE.
Oxidative heat treatment Two-fold increase of the acceptor density. Photocurrents double in 2-layer [114]
electrodes after the oxidation at 300°C for 1h.
Scaffold CuAlO, layer Photocurrents 2.5-fold higher with the composite (in O,-purged 1 M NaOH). [206]
Hybrid microwave annealing HMA treatment produces an increase of the photocurrent [216]
(HMA) + NiFe-layered double at 0.4V vs RHE more than 4 times (1.3 mA cm 2 at 0.4V vs RHE)
hydroxide/reduced graphene oxide with respect to the untreated electrode. After NiFe LDH/ RGO
electrocatalyst electrocatalyst loading the photocurrent increases
to 2.4 mAcm 2
2D opals structure, CuAlO,/CuFeO, 9-fold enhancement of the photocurrent density at 0.6 V vs RHE in presence of [119]
heterojunction O,, for the CuFeO,/CuAlO, double-shelled structure with respect to the single
shelled counterpart
Inverse opal structures (10) + Cgo/ The 10 CuFeO; yielded a photocurrent of 4.86 mA cm ™2 at 0V vs RHE, which is [121
CoFe LDH cocatalyst more than twice the HER performance of the planar one (both after
electrocatalyst deposition).
The Cgo/CoFe LDH electrocatalyst improved the photocurrent by a factor of 4.6
compared with the bare 10 CuFeO, photocathode.
CuNbO; Oxidative heat treatment Increase of the photocurrents after the oxidation at 250-350°C for 3 h. [1871]
CuzTa;O49 Oxidative heat treatment Increase of the photocurrent after the heat treatment at 350 and 550 °C for 3 h. [163]
CusTa;1039 Oxidative heat treatment The photocurrents increase dramatically after the heat treatment at 250350 °C [163]
for 3h.
CusTa;1039 Oxidative heat treatment Increase of the photocurrent after the heat treatment at 350550 °C for [164]
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Material Strategy Evidences of PEC improvement Ref.
CusVO, Oxidative heat treatment Decrease of dark currents and increase of photocurrent after an oxidative [169]
treatment (300-350°C 15 min).
LaFeO; Doping with Mg and Zn Six-fold enhancement of the photocurrent by doping with a 5 at% with Mg or Zn [139]
(respect to the Fe amount)
Doping with K Cathodic photocurrent more than doubles at 0.6 V vs RHE for K-doped LaFeO; [179]
electrodes in O,-saturated solution.
Bandgap decreases from 2.2 eV (undoped) to 2.0 eV (K-doped)
Doping with Mg, Ca, Sr and Ba Photocurrent increase upon alkaline-earth cation substitution in O,-saturated [213]
electrolyte.
Doping with Li Increase of the cathodic photocurrent from 30 to 50 pAcm 2 at 0.4V vs RHE [180]
and bandgap decrease from 2.14 to 2.00 eV.
NdFeO; Doping with Mg and Zn The photocurrents multiply by factors of 3.4 and 2.8 for the Mg and Zn-doped [142]
NdFeOs (5 at%) for O,-purged electrolyte.
SrTiOs Doping with Rh Cathodic photocurrents increase with the Rh content, up to an optimum for [177]
SrTiO;:Rh (7 at%). Faradaic efficiency of 100%.

SrTiOs Doping with Rh: Rh*" and Rh** Photocurrent onset 0.6 V more positive for Rh**:SrTiO; than for Rh**:SrTiOs. [178]
ZnFe,04 Doping with Co Photocurrent enhanced 7.33 times at 0V vs RHE for the Co-ZnFe,0, electrode. [38]
ZnRh,04 p-n junction: IPCE increases from ~8% ZnRh,0, to ~13% for ZnO/ZnRh,0O, (at 400 nm) in [109]

ZnO/ZnRh,0,4

Ar-purged 0.1 M Na,SO, at 0V vs RHE.

for the HER, but also for the photoelectrochemical production of
other fuels.

3.1.3. Light Absorption Improvement by Scattering

Opal inverse nanostructures have been demonstrated to be
effective for enhancing light absorption as they favor multiple
scatterings within the nanostructure and provide a shorter path-
way for the majority carriers to be collected, diminishing recom-
bination.!"8¢88 Very recently, Oh et al.*?! prepared CuFeO,
inverse opal electrodes using polystyrene microspheres as tem-
plates with superior PEC performance compared with a planar
electrode prepared by sol-gel (Figure 7a—f). They observed
enhanced light absorption in the inverse opal electrodes with
respect to the planar electrodes owing to an increase of the
scattering near the band edge of the material together with a
more efficient transfer (to produce Hj) of the visible-light-
induced electrons, leading to an improved PEC performance
(Figure 7g). Another strategy followed by Oh et al.l"*® was based
on a 2D photonic crystal architecture that acts as a self-light-
harvester. They fabricated an electrode composed of CuFeO,-
decorated silica microspheres that simultaneously shows a high
transmittance of 76.4% and relatively high photoresponse.

3.2. Improving Charge Carriers Separation and Stability by
Heterojunctions

In this methodology, a single-semiconductor photoelectrode is
brought in contact with another one forming a heterojunction,
which is the junction between two semiconductors having differ-
ent bandgaps. A proper band alignment between them can be
beneficial for the separation of the photogenerated charge car-
riers, improving the PEC efficiency. Heterojunctions are
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classified into several types,! but the most frequently employed
for improving the PEC performance is the so-called type II p—n
junction (Figure 8a). In this type of contact, electrons diffuse
across the junction to the p-type region, and holes diffuse to
the n-type region until reaching equilibrium. This process
causes a lack of charge neutrality near the contact between both
materials, creating a positively charged region on the n-type side
and a negatively charged region in the p-type side, generating a
depletion region. Rectification occurs at the interface between
both semiconductors, and ideally electrons can flow only in one
direction (from the p-type to the n-type semiconductor).
Heterojunctions have been previously studied in the field of pho-
tocatalysis.'"®*) Regarding PEC applications, the most common
approach is the direct deposition of a second semiconductor
on the first semiconductor surface, however, in some cases
the second semiconductor can also be formed by the direct reac-
tion of the TMO, typically leading to a binary oxide. Some p-type
TMOs have been employed for forming heterojunctions in pho-
toanodes, as is the case of CaFe,0,4 in combination with n-type
BiVO,, """ a-Fe,05/"? or TaON,I"”*) CuFe,0, on W05,
and LaFeO; on ZnO.[19>:1%)

3.2.1. Heterojunctions with n-Type Materials

Generally, this approach consists in the deposition of an
n-type semiconductor overlayer over a p-type semiconductor,
forming a type II heterojunction. Apart from the rectifying
effect, an overlayer of a particular material can also suppress
other competitive processes associated with photocorrosion of
the semiconductor or surface recombination of photogenerated
electron-hole pairs, thus improving the PEC photoresponse and
stability (passivation layers). It is worth noting that for very thin
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Figure 7. a) Scheme of electrode fabrication and b) absorption and diffusive reflectance spectra for planar and inverse opal (I10) FTO/CuFeO, electrodes.
c,e) Top and d,f) cross-sectional SEM images of the c,d) inverse opal and e,f) planar electrodes. g) Linear sweep voltammogram with transient illumi-
nation in Ar-purged 1M NaOH solution of the FTO/CuFeO, electrodes after modification with Cqo/CoFe. Reproduced with permission."?"! Copyright

2019, Wiley-VCH.
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Figure 8. Band energy diagrams of junctions under photoexcitation showing the electron and hole flows in a photocathode for hydrogen evolution;
a) p—n junction in which both materials absorb light irradiation being E; ; < E, ; and b) p—p junction in which only the uppermost semiconductor absorbs
light irradiation and the thin film p-type underlayer helps to separate the charge carriers.
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layers, <2 nm, tunneling effects can prevail in the charge trans-
fer mechanism."”!

In binary oxide photocathodes, the most relevant results
dealing with the use of heterojunctions have been reported by
the group of Graetzel using Cu,O as the absorber material.
They have developed a method for both improving the photores-
ponse and protecting Cu,O from photocorrosion.[54‘59‘60'198] In
their initial work, Paracchino et al.’* revealed a threefold
enhancement of the photocurrent for a Cu,0/21nm ZnO/
11 nm TiO,/Pt multilayer compared with a Cu,O/Pt electrode.
The ZnO buffer probably provides a more uniform hydroxylated
surface for TiO, growth, in addition to forming a rectifying junc-
tion with Cu,O. The introduction of ZnO/Al,0; multilayers
greatly enhances the stability of the photocurrent with time.
Similarly, Kamimura et al.’*® coated ZnO on p-type ZnRh,0,
following a sol-gel method. The ZnO thin overlayer forms a space
charge depletion region at the ZnRh,0,4/Zn0 interface (p—n het-
erojunction), which results in a more efficient separation of the
charge carriers (besides improving the electrical contact between
ZnRh,0, particles). This approach results in an IPCE value of
~13% at 400 nm, being ~8% for the untreated electrode. A num-
ber of studies have been performed for CuBi,0,, including layers
formed of TiO,, NiO, Cu,Ti,0,, or graphene oxide."”?! A heter-
ojunction with NiO was shown to increase the photocurrent from
1 to 1.5mA cm 2% Recently, Zhang et al. revealed that a
Cw,Ti,0, overlayer has a passivation effect, suppressing carrier
recombination and reducing FLP.*°Y Overlayers of TiO, with
thickness about 20 and 120nm have been employed for
CuBi,0, electrodes as protective layers to mitigate photocorro-
sion[100103:2021 gpecifically, Berglund and co-workers!'?*2%%!
employed a CdS/TiO, heterojunction as a conformal coating
on CuBi,O4 to mitigate photocorrosion, although the onset of
photocurrent was shifted toward negative values. The formation
of a type II junction in BiFeO3/Bi, O3 improves charge separation
and increases IPCE up to 2.6% at 365 nm.!**¥

Other materials such as organic polymers can also be used in
heterojunctions. For instance, the coating of a porous CuBi,O4
nanostructure with transparent polythiophene (PTh) gives rise to
an increase of the IPCE values from 4 to 6% at 400 nm because of
the adequate location of the semiconductor band edges and the
organic material HOMO and LUMO levels.**®

3.2.2. Heterojunctions with Other p-Type Materials

Following a similar approach to that of Figure 8a, charge sepa-
ration can be facilitated by the heterojunction of two p-type mate-
rials with adequate relative band edge locations. A common
approach is combining a thin layer of a wide bandgap oxide with
a narrow bandgap semiconductor, the latter acting as a visible-
light absorber material (Figure 8b), for a more effective extraction
of majority carriers. This strategy was used by Prévot et al.?%°!
through the introduction of a wide-bandgap mesoporous
p-CuAlO, semiconductor (scaffold layer) between the FTO sub-
strate and the light absorber film, p-CuFeO,. In that work, the
optimization of the scaffold thickness resulted in a 2.4-fold
increase of the photocurrent (Figure 9a) in the presence of
O,, while the onset potential remained unaltered. The composite
electrode presents higher IPCE values over the entire wavelength
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range compared to the control CuFeO, electrode (Figure 9b). The
authors suggested that a selective extraction of the photogener-
ated holes toward the substrate at the CuFeO,/CuAlO, interface
(Figure 9c) is due to the favorable band alignment between both
materials. Analogously, Oh et al."®) improved CuFeO,-shelled
silica microspheres by the incorporation of a CuAlO, outer shell.
Due to the improved charge separation, a ninefold increase of the
photocurrent in the presence of O, was observed. The contact of
CuFeO, with the electrolyte was facilitated by a partial etching of
the silica microspheres (Figure 9d). IPCE values as high as 10%
were reached at 400 nm (Figure 9e). This strategy was also
applied to CuBi,O, electrodes by Berglund and co-workers. In
this case, a Cu-doped NiO layer acts as a hole selective back con-
tact, improving hole transport. The Cu:NiO layer reduces the bar-
rier height at the back contact interphase due to a favorable band
alignment with CuBi,0,.2%7

In other heterojunctions, both components are narrow
bandgap semiconductors. In this regard, heterojunctions of
CuBi, 04 with CuO have been extensively studied,[°%-108.208-211]
FTO/CuO/CuBi,0, electrodes double the photoactivity of the
homolayered electrode (after Pt loading in all cases),?®®! which
is explained based on enhanced electron-hole separation because
of the valence band offset existing at the solid—solid interface. In
fact, when the heterojunction is inverted, the photocurrent
decreases because of a promotion of electron-hole recombina-
tion. Nanocomposites of CuBi,O, with CuO (and with Bi,05)
have also been generated insitu by changing the Cu:Bi ratio
in the precursor solution.>2°! Moreover, heterojunctions can
be formed by a heat treatment that induces a partial reaction
of the ternary oxide to generate a binary oxide. For instance,
an oxidative heat treatment of Cu3VO,% generates CuO at
the surface, together with an oxygen excess in the structure
(metal deficiency), leading to an increase in the photoresponse.
Along the same lines, Sullivan et al.'% identified the formation
of a TMO/CuO junction in Cus_,Ta;;03¢ electrodes after a heat
treatment between 250 and 550 °C. The generated CuO islands
provide a favorable band offset with the TMOs, thus improving
charge separation.

3.3. Improving Charge Collection through Doping

Doping is a critical strategy for the achievement of high efficien-
cies in TMO photocathodes, as they usually suffer from poor
charge carrier transport (see Section 2). Consequently, there is
a significant number of reports dealing with this strategy includ-
ing not only increasing the conductivity but also switching the
conductivity type (p or n).

3.3.1. Doping Induced by a Third Metal

The intentional introduction of impurity atoms in the semicon-
ductor lattice is the typical strategy used to produce a doping
effect. In TMOs, a third metal is incorporated into the oxide lat-
tice, having an ionic radius similar to that of one of the intrinsic
metals, while its oxidation state is different. This induces new
impurity levels that may increase the density of majority carriers,
enhancing thus the conductivity of the bulk material. The mobil-
ity of charge carriers may also be affected by doping because
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Figure 9. a) Linear sweep voltammograms for CuFeO, (red line) and CuAlO,/CuFeO, (blue line) electrodes under transient 1 sun illumination in 1m
NaOH under O, bubbling (scan rate of 10mV s~ ') and b) IPCE for CuFeQ,, CuAlO,, and CuAlO,/CuFeQ, (solid lines) and the corresponding integrated
photocurrents (dotted lines). c) Scheme showing the possible path for photogenerated charge carriers in the CuAlO,/CuFeO, photoelectrode.
Reproduced with permission.?%! Copyright 2016, The Royal Society of Chemistry. d) Illustration of a silica microsphere partially etched by hot
NaOH treatment at the left and that of an untreated one at the right. Scheme of the energy band diagram showing the electron transfer pathways
at the CuFeO,/electrolyte interface. e) IPCE spectra for a CuFeO,-shelled microsphere electrode with and without the outer CuAlO, layer in O,-purged
1M NaOH at 0.6V versus RHE. Reproduced with permission."'®) Copyright 2018, The Royal Society of Chemistry.

of the structural changes generated in the lattice. In the case of p-
type oxide semiconductors, the doping metal should have an oxi-
dation state lower than that of the intrinsic metal as to create elec-
tron acceptor impurities and enhance the p-type character.

In 1988, Matsumoto et al.’’? were the first to show an
improvement of the photocurrent of a TMO photocathode
through doping with metals. They reported that Fe*" was created
upon doping of CaFe,0, with Mg®" and Na™. The Fe*" species
acts as an acceptor that generates a hole in the valence band
according to Fe*" — Fe3t + hi;. The increase in hole density
enhances the material conductivity. Another effect reported in
that work is that doping near the CaFe,0,/metal interface gives
rise to the formation of an ohmic contact, which also contributes
to the improvement of the photoresponse. More recently, doping
LaFeO; with divalent ions has been widely studied since Diez-
Garcia and Gémez!'*” showed that partial substitution of
Fe*" by Mg*" or Zn*" in LaFeO; photocathodes yielded a dra-
matic increase of the photocurrents in the presence of oxygen. In
that case, Mg and Zn salts were directly introduced in the sol-gel
precursor solution. An increase of the charge carrier density was
uncovered by the analysis of the Mott-Schottky plots and a posi-
tive effect on the charge carrier mobility was also suggested.
Following the same preparative routes for synthesis and
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modification, Quifionero et all'*? were able to prepare
NdFeOj; photocathodes and to dope them with Mg and Zn.
The photoelectrochemical behavior of the undoped and doped
materials was similar to that of LaFeOs;. A DFT study pointed
to the fact that the enhanced p-type character induced by doping
is due to an increase of the hole density rather than to an effect on
charge mobility. In addition, an increase of the p-type character
upon doping can be understood by both the appearance of empty
states above the valence band and the flattening of the bands in
the CB, which is indicative of an increase in the electron effective
mass. Another work by Sun et al.2"® focused on the effect of
doping with divalent alkaline-earth metal cations (Mg, Ca, Sr,
and Ba) in LaFeO; prepared by sol-gel. The authors claimed that
the increase in the photocurrent is linked to the attenuation of
states located around 100-200 meV above the valence band edge
that are linked to intrinsic defects (cation vacancies) and act as
hole-traps. An increase of the majority carrier density was
reported upon K and Li™®® doping of LaFeO;. Weeler
et al.l'”? attributed this effect to the introduction of shallow
acceptor levels above the valence band maximum induced by
the substitutional doping with K. In this case, the perovskite
was synthesized by electrodeposition, and K was introduced in
the lattice by drop casting a solution of a potassium salt with
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a subsequent heat treatment. K and Li doping can also decrease
the bandgap by lowering the conduction band minimum (see
Section 3.1.1). Interestingly, theoretical work reveals that the
two holes generated by the substitution of a La ion by a K ion
are localized at an iron and at one of its neighboring O atoms,
leading to the presence of Fe*™. The Fe*™ density was monitored
by XPS, changing from 7.7 at% (respect to the total amount of Fe)
for the bare material to a 15.9 at% with a 3 at% K-doped LaFeO;.
As a general trend in these works, in the absence of an electron
scavenger (O,), although the photocurrent spikes increase in the
doped samples due to the improved conductivity, the stationary
photocurrents remain very low for water reduction, indicating
that electron transfer to water from LaFeOs is still challenging
even after doping.

Similarly to LaFeOs, Jiang et al.'?% have reported that doping
CuFeO, with Mg?", using a hydrothermal bath synthesis, produ-
ces an increase in the majority carrier concentration and an
enhanced lifetime of the photogenerated charge carriers. Ni dop-
ing has also been reported in the case of CuFeO, delafossite.***!
Regarding other TMOs, Kang et al.”* introduced Ag in CuBi,O,.
Ag™ replaced Bi*" ions in the structure and increased hole
concentration. In addition to the positive impact on the photo-
response (in the presence of O,), photocorrosion of CuBi,O,
was also suppressed.

The creation of acceptor impurities can even change the n-type
character to p-type as stated before. A representative example is
the doping of n-type SrTiO; with Rh (already mentioned in
Section 3.1.1).'’”) The Rh-doped photoelectrodes present photo-
cathodic behavior with optimum performance for Rh/(Ti+Rh)
7at% Rh. Later, Kawasaki et al.l'’® also studied Rh-doped
StrTiO; forming epitaxial thin films fabricated by PLD. The oxy-
gen pressure and temperature selected during film growth were
found to affect the oxidation state of the Rh dopant (either Rh**
or Rh®"). In the material containing Rh**, the photocurrent
onset was shifted 0.6V toward less positive potentials with
respect to the material containing Rh*". Very recently, Lan
et al.®® studied a p-type Co-doped ZnFe,O, with 1D rod-like
morphology via hydrothermal synthesis. They demonstrated that
the material could sustain overall water splitting. The bare
ZnFe,0, electrodes display n-type behavior based on a Mott—
Schotty analysis. Together with a decrease of the bandgap (see
Section 3.3.1), the cobalt doping produced a tuning from n- to
p-type character, leading to a 7.33-fold increase of the photoca-
thodic currents.

Apart from the effect on the acceptor impurities, conductivity
can also be improved by attaining higher carrier mobility.
Sekizawa et al.l’” reported that Ag doping in CaFe,O, triggered
an improvement in the symmetry around the Fe atom, which
induces high mobility (higher diffusion length of the charge
carriers), considered the main reason for the 23-fold increase
in the cathodic photocurrent.

3.3.2. Doping Induced by Oxygen Intercalation

Another approach that can promote doping is the increase in the
oxidation state of some metal atoms in the lattice triggered by the
incorporation of interstitial oxygen. Such an effect is usually
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achieved through heat treatments in oxidizing atmospheres or
particular synthetic conditions (including electrosynthesis).

Enhancing the p-type character by an oxidative treatment has
been carried out by heating the material in an O,rich
atmosphere, typically air. This leads to oxygen excess in the struc-
ture, generally linked to an increase in charge carrier density. The
Maggard group has extensively applied this method to improve
the photoactivity of many TMOs.[136-163164169.181] 1y this way,
CuNbO; electrodes, after a mild oxidation treatment at 250°C
in air, have been shown to exhibit a positive shift of the onset
potential. *®! Subsequent work™" revealed that Cu deficiency
was generated owing to the formation of CuO at the surface,
leading to a stoichiometry Cug9g4NbO3. Similarly, an oxidation
treatment at 250-550°C in air of CusTa;;03¢ and CusTa;Oq9
materials!*®* also produced a notable increase in the cathodic
photocurrents. In the CusTa;;03 case, the enhancement was
primarily attributed to acceptor densities 4 orders of magnitude
larger in the case of the oxidized samples. Later, a more detailed
study of the temperature and duration of the oxidation treatment
was performed for CusTa; 103 electrodes.'* In this case, the
largest increase of the photocurrents was observed for a temper-
ature of 350 °C, which was correlated with maximum changes in
the amount of Cu vacancies because of the formation of CuO
surface islands, which, in turn, improved electron-hole separa-
tion (as commented in the preceding section). More recently,
a CuFeO, photocathode was also submitted to an oxidation treat-
ment at 300 °C and again, an increase in carrier density (detected
by a Mott—Schottky analysis) was linked to the improved
photoactivity.'** Later, Lee and co-workers*'® devised that a
hybrid microwave annealing (HMA) was more effective for
CuFeO, electrodes than the conventional one in a furnace
(Figure 10a). They observed a higher and more homogenous dis-
tribution of Cu®* in the film due to a more efficient oxygen inter-
calation with the HMA treatment, increasing the acceptor density
(Figure 10b). More recently, Park and co-workers?'”! have devel-
oped a flame-annealing synthesis method for CuFe,0, on FTO
consisting in applying a high temperature (<980 °C) for a short
time. Importantly, the procedure avoids significant damage to
the FTO. As a result, IPCE values up to 30% are achieved,
not only because of a reduction of the oxygen vacancy density,
but also because of a higher surface area and improved optical
absorption compared with the material resulting from an
ordinary furnace treatment. The flame annealing allows for a
rapid heating and cooling rate of the samples while providing
an O,-rich atmosphere.

Besides by heat treatment, the increase of the acceptor density
can also be achieved through an electrochemical treatment. Such
a strategy has been investigated previously not only for TiO,,**®!
but also for NiTiO5*'” photoanodes, in which a reductive pre-
treatment induces an increase of the catalytic activity for water
oxidation. An analogous behavior has been observed by Diez-
Garcia et al.®”) in the case of CuFe,0, photocathodes by applying
a potentiodynamic oxidative treatment. They observed an
enhancement of the p-type character revealed by both an increase
of the currents associated with the charge accumulation region
(Figure 10c) and higher photocathodic currents (Figure 10d).
This effect was tentatively ascribed to the formation of
CuFe,04, , together with an increase of the acceptor density.
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Figure 10. a) Linear sweep voltammograms under transient illumination for untreated CuFeO, (CFO), after conventional thermal annealing at 300 °C
(CTA) and after hybrid microwave annealing (HMA) for different treatment durations and b) Mott-Schottky plots for CFO, CTA, and HMA electrodes in Ar-
purged 1M NaOH. Reproduced with permission.?'® Copyright 2016, American Chemical Society. ¢) Cyclic voltammograms in the dark after different
numbers of cycles between —0.2 and 0.65 V at 500 mV s ™' (scan rate of 20 mV s ') and d) photocurrent transients at —0.2 V for a CuFe,O, electrode after
the indicated number of voltammetric cycles in N,-purged 0.1 M NaOH. Reproduced with permission.”) Copyright 2016, Wiley-VCH. e) Linear sweep
voltammogram under 1 sun transient illumination for hybrid microwave annealed CuFeO; electrode, after depositing NiFe and NiFe/RGO cocatalysts in
Ar-purged 1M NaOH. Reproduced with permission.?'®! Copyright 2016, American Chemical Society.

Berglund and co-workers!**” developed another novel and
successful strategy based on a self-doping of CuBi,O,4 synthe-
sized by spray pyrolysis. A concentration gradient of copper
across the film generates a gradient of copper vacancies that
act as acceptor dopants. This induces the generation of an electric
field that helps to separate the charge carriers within the material.

3.4. Improving Interfacial Reaction Kinetics by Cocatalysts

Incorporating a cocatalyst on the absorber material is an almost
indispensable step in designing highly efficient photoelectrodes.
Even if the photogenerated electrons and holes possess appropri-
ate potentials for driving water splitting reactions, the photoca-
talytic activity may still be low. This can be due not only to
surface recombination facilitated by the presence of surface
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states, but also to the existence of a low density of active sites
and/or to a sluggish charge transfer kinetics from them. A sur-
face-loaded cocatalyst is needed to facilitate the transfer of minor-
ity carriers through the semiconductor/electrolyte interface as it
reduces the energy barrier for the electrochemical process.
Transition metals, especially noble metals, are traditionally
used as effective electrocatalysts for H, evolution. These
metals act as electron sinks and provide effective proton
reduction sites.”?"

Platinum metal is an exceedingly good electrocatalyst for the
HER and it has been demonstrated to be effective as a cocatalyst
with the most common photocathode materials, such as
Cu,OF??222231 g §i.1224225] Regarding TMOs, Pt was deposited
electrochemically on CaFe,O4 and Sr;Fe;40,, surfaces, leading
to larger photocurrents due to the acceleration of the kinetics of
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H, evolution and the inhibition of surface recombination.””! Pt
was also successfully coated on CuBi,O, photocathodes increas-
ing the cathodic photocurrents.”>**1%*2%1 In the work of
Berglund et al.® IPCE values increased from about 3% for
the bare material to 20% at 300nm when Pt was loaded on
CuBi,0,.

In some cases, direct deposition of the cocatalyst on the p-type
material does not produce the expected effect. This is because not
only its catalytic properties are important, but also a proper junc-
tion between the semiconductor and the cocatalyst. In such
cases, engineering of the interphase is needed, and the most
common approach is the deposition of intermediate (buffer)
layers between the semiconductor and the cocatalyst, for which
TiO, is typically employed.®®11*161226) [y the work of Prévot
et al." direct loading of the catalyst at the CuFeO, surface
led to inconsistent results. Following the method of Tilley
et al. for Cu,0 electrodes,'” they achieved an improved photo-
response with CuFeO,/AZO/TiO, /Pt electrodes for water reduc-
tion with respect to the bare TMO electrode, with the drawback of
shifting the onset potential toward more negative values. In
agreement with these findings, Shen et al.l'®"! revealed that
the direct deposition of Pt on BiFeO; electrodes leads to a
decrease of the photocurrent. On the contrary, the indium tin
oxide (ITO)/BiFeO;/TiO,/Pt  configuration dramatically
increased the photocurrents and shifted the onset potential
toward positive values with respect to the bare perovskite elec-
trode. The TiO, deposit acts as a buffer layer, removing the
upward barrier generated by the direct contact of the semicon-
ductor and Pt. A similar effect was observed using a carbon
porous layer instead of TiO,.[**%

It should be stressed that there is a need for the exploration of
new cocatalysts that are more cost-effective than Pt. Nickel-based
materials (Ni,*2772?% Ni-Mo,**% NiO,,*! and Ni(OH),**),
and MoS,,?*" have been tested successfully for Cu,0, but to
the best of our knowledge, no reports refer their use for p-type
TMOs. However, a few recent studies focused on the use of cost-
effective cocatalyst for PEC HER based on NiFe and CoFe double
layered hydroxides (DLH) previously tested for other semicon-
ductors.*? Recently, Jan et al*'® have incorporated NiFe
DLH on CuFeO,, enhancing the HER activity (Figure 10e).
Further improvement has been achieved by the combination
of NiFe with reduced graphene oxide. Similarly, a Cgo/CoFe
DLH cocatalyst enhanced photocurrents by a factor of 4.6 for a
CuFeO, inverse opal nanostructured electrode (Figure 7g). Cqo
was deposited simply by drop casting while CoFe DLH nano-
sheets were uniformly electrodeposited over CuFeO,/Cgo.**"!
In both works, the photoresponse of the CuFeO,-based
photocathodes outperformed that reported in the literature.

4, Conclusions

In the last years, the development of photocathodes based on
ternary metal oxides that could outperform the few existing
p-type binary oxides has been boosted by the need of finding
new materials for efficient and stable water-splitting PEC cells.
In the same way, different strategies have been applied to opti-
mize the behavior of these materials, most of them based on the
knowledge gained in the study of, among others, binary metal
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oxides. Apart from an experimental approach, theoretical meth-
ods are gaining relevance and DFT studies are helping to get
insights into the band structure and the effect of the introduction
of dopants, thus contributing to the understanding and predic-
tion of the photoelectrochemical properties of new materials.
This is an appropriate research direction as the knowledge of
the mechanisms for photoelectrochemical water reduction are
only partially understood, which, in turn, hinders an a priori
design of enhancement strategies.

Most of the reported ternary metal oxides showing a p-type
behavior are spinels, although studies on delafossites, perov-
skites, and other oxides with more complex stoichiometries
(i-e., such as those of vanadates, niobates and tantalates) are gain-
ing importance. In this context, Fe-containing materials are the
most studied, probably because of the earth-abundance, cost-
effectiveness, and environmental friendliness of Fe. The possi-
bility of generating p-type ternary oxides based on Fe is directly
related to the feasibility of forming Fe** in the crystalline struc-
ture, which has been reported as responsible for their p-type
character. In addition, most Fe-based perovskites and spinels
can also present n-type character depending on the synthetic pro-
cedure, which determines the type of prevailing defects. Other
attractive features of Fe-based oxides are their relatively narrow
bandgaps (1.5-2.7 eV) and their demonstrated stability under
illumination and cathodic conditions, which is a major advantage
over most of the Cu-based materials. Conversely, Fe-based mate-
rials such as CaFe,04, CuFeO,, and LaFeO; suffer from poor
conductivity. In this regard, doping with monovalent and diva-
lent cations, such as alkaline metals or zinc ions have been exten-
sively studied in the last years. The reported results demonstrate
that this is a general and effective strategy for increasing the
charge carrier density, thus enhancing the p-type character.
However, these materials (CuFeO, and Fe-perovskites) are
reported to yield extremely low photocurrents ascribed to hydro-
gen production, which dramatically increase in the presence of
oxygen as an electron scavenger. In this regard, some studies on
CuFeO, and CaFe,0, have revealed that Fermi level pinning gov-
erns the interface between the semiconductor and the electrolyte,
hindering charge transfer to water. To overcome this limitation
recent efforts have focused on the deposition of cocatalysts
together with intermediate buffer layers.

Apart from the Fe-containing oxides, Cu-containing materials
have also been extensively studied. Specifically, copper vanadates,
niobates and tantalates having different stoichiometries have
been investigated as most of them present narrow bandgaps.
Heat treatments of these compounds generally lead to improved
photoresponses because the oxidation of copper can produce an
increase of the charge carrier density and/or a favorable hetero-
junction with CuO generated by direct oxidation of the ternary
oxide. CuBi, O, has attracted a lot of attention in the last years
because it displays high photocurrents for water photoreduction
at moderate potentials (0.4-0.6 V vs RHE), having a relatively nar-
row bandgap (1.5-1.8 eV). For this material, a heterojunction
with CuO seems to be a viable strategy for enhancing charge sep-
aration and increasing photocurrents, while stability has been
improved by the deposition of protective TiO, layers.
Although typically Cu-based TMOs are more stable than copper
binary oxides, they still need to be improved using proper pro-
tection strategies. Finally, Rh-containing ternary metal oxides,
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CuRhO; and CuRh,0,, are reported to yield high IPCE values
(higher than 15% at 400 nm), among the best for ternary metal
oxides without any further modification, and good stability.
However, Rh is a scarce and expensive metal that hinders the
practical application of Rh oxides.

Despite the number of TMOs reported in photoelectrochem-
ical studies, in our opinion there is still room for discovering new
complex semiconductor oxides that could be efficient as photo-
cathodes. However, it should be mentioned that some of them
remain unexplored as photoelectrodes because high tempera-
tures are needed for pure phase formation, limiting the direct
growth on the typical transparent conductive substrates and,
more generally, reducing their technical viability. In some cases,
the deposition of presynthesized nano/microparticles suffers
from defective interparticle connection, leading to poor charge
carrier transport. In the arduous task of finding new oxides,
the use of the principles of combinatorial chemistry will be
critical, including the theoretical screening of potential candi-
dates. In this respect, computational chemistry methods, such
as DFT will be of particular importance.

The development and optimization of enhancement strategies
are imperative for approaching maximum theoretical solar
efficiency and providing long-term stability. Doping has been
demonstrated to be effective for increasing the photocurrents
for hydrogen evolution by the improvement of charge transport
through the material. Heterojunctions with proper band align-
ments have also demonstrated to improve charge separation.

An important challenge to face is the sluggish electron trans-
fer from the semiconductor surface to water. This has been
improved in some materials by direct loading of cocatalysts,
mainly Pt. For ternary metal oxides, studies on Earth-abundant
cocatalysts are relatively scarcer. Remarkably, CoFe and NiFe
hydroxides have led to excellent results in alkaline media.
However, for other materials, issues have been reported when
loading a metal cocatalyst, pointing to the need of an intermedi-
ate buffer layer to observe a noticeable catalytic effect. The devel-
opment of a proper surface engineering for the effective loading
of cocatalysts is a key aspect for improving both the photores-
ponse and the stability of the photocathodes. Another important
limitation in the electron transfer to water is the presence of sur-
face states. In some cases, passivation of these states is impera-
tive for improving electron transfer to the electrolyte. This has
been achieved by the deposition of very thin layers over the
absorber material, usually by means of sophisticated techniques
such as ALD or PLD, which are difficult to scale up. The deposi-
tion of p—n junctions is not as restrictive concerning thickness
and homogeneity of the layer as that of passivation layers, and
they can also suppress the effect of the surface states as the
initial absorber-electrolyte interface is substituted by the new
absorber-junction material-electrolyte interfaces. On the other
hand, the formation of 1D structures is also thought to be a
promising route to enhance the PEC performance by alleviation
of slow carrier mobilities. In this regard, there is a lack of pro-
cedures for the formation of ordered nanostructures in ternary
oxide photocathodes, which is a field to explore.

Up to now, CuBi,O4, CuFeO,, and LaFeOj; are the ternary
oxides most studied as photocathodes for the HER. Probably,
CuBi,0y, is closer to find practical application in tandem cells
with reported IPCE values higher than 10% for the bare material
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and around 30% after application of some enhancement strate-
gies. The viability of bias free cells when combined with photo-
anodes having a wider bandgap has been demonstrated, although
application of bias probably will be required for reaching high
solar conversion efficiencies. However, suitable protective strat-
egies should be identified to address the stability issue. In addi-
tion, the interface architecture involving the cocatalyst together
with buffer layers should be optimized as significantly higher
photocurrents are reported using H,0, as an electron scavenger.
In the case of Fe-based perovskites and delafossites, hole collec-
tion has been improved by doping and by applying scaffold
layers. The major challenge in these materials is the hindered
electron transfer to water. In this respect, some recent works
have uncovered major improvements of the CuFeO, efficiency
by using metal hydroxide cocatalysts. Finally, in the case of
LaFeO;, most of the measurements are carried out in the pres-
ence of O, and efforts should focus on surface engineering to
increase the low photocurrents for water reduction reported
up to now.

We believe that this review demonstrates that ternary metal
oxides can be adequate candidates as photocathodes for water
splitting tandem cells. However, the practical implementation
of these materials is limited due to: (i) the high cost of reagents
or complex (or nonscalable) synthetic routes, (ii) low (faradaic)
efficiencies for hydrogen evolution, or (iii) poor stability for
long-time illumination.

Based on the current state of the art, it seems apparent that, to
achieve highly efficient and stable ternary metal oxide materials,
efforts should follow the following directions (i) improving the
photoresponse and stability of the currently known, most prom-
ising candidates for a practical device (made from Earth-abun-
dant elements and cost-effective materials and synthetic
routes) by using different modification strategies. ii) Gaining a
deeper understanding of the photocathode processes leading
to hydrogen evolution to define the modification strategies to
be implemented. (iii) Identifying suitable methodologies for
guiding the search for complex multinary materials on rational
bases, i.e., DFT calculations. We believe that high solar efficien-
cies in ternary metal oxide photocathodes can only be reached
with appropriate electrode engineering using a smart combina-
tion of strategies including doping, heterojunctions and surface
layers, and cocatalysts, to minimize charge recombination.

Currently, there is a world-wide, renewed interest in the devel-
opment of hydrogen as an energy vector, and more specifically in
solar (green) hydrogen. Photoelectrochemical water splitting is
one of the emerging technologies that deserves further attention.
Finding adequate electrode materials keeps on being a critical
step, being transition metal oxides appropriate candidates as they
could, in principle, possess higher stability than other metal com-
pounds. We think that this review may contribute to guide future
research in the selection and optimization of oxides for
photoelectrochemical water splitting.
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