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Abstract

Solar water splitting using photoelectrochemical cells (PECs) has emerged as one of the
most promising routes to produce hydrogen as a clean and renewable fuel source. Among
various semiconductors that have been considered as photoelectrodes for use in PECs, oxide-
based photoanodes are particularly attractive because of their stability in aqueous media in
addition to inexpensive and facile processing compared to other types of semiconductors.
However, they typically suffer from poor charge carrier separation and transport. In the past few
years, there has been tremendous progress in developing ternary oxide-based photoelectrodes,
specifically, photoanodes. The use of ternary oxides provides more opportunities to tune the
composition and electronic structure of the photoelectrode compared to binary oxides, thus
providing more freedom to tune the photoelectrochemical properties. In this article, we outline
the important characteristics to analyze when evaluating photoanodes and review the major
recent progress made on the development of ternary oxide-based photoanodes. For each system,
we highlight the favorable and unfavorable features and summarize the strategies utilized to
address the challenges associated with each material. Finally, by combining our analyses of all
the photoanodes surveyed in this review, we provide possible future research directions for each
compound and an outlook for constructing more efficient oxide-based PECs. Overall, this review
will provide a critical overview of current ternary oxide-based photoanodes and will serve as a
platform for the design of future oxide-based PECs.
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1. Introduction

Since the first photoelectrochemical cell (PEC) was reported in 1972,! PEC-based solar
water splitting has become one of the most promising routes for the environmentally benign and
sustainable production of hydrogen as a clean fuel.>> Semiconductor electrodes that can absorb
visible light to generate electron-hole pairs and can separate and transport these charge carriers to
the semiconductor/electrolyte interface are the key components of water splitting PECs.> ¢ The
doping type of the semiconductor electrode determines whether it will serve as the photoanode or
photocathode of a PEC; an n-type semiconductor will serve as a photoanode while a p-type
semiconductor will serve as a photocathode. To be used as a single photon absorber (i.e. only
one electrode of the PEC is a semiconductor electrode) in a PEC that can achieve unassisted
water splitting, the semiconductor must have a conduction band maximum (CBM) and valence
band minimum (VBM) that straddle the water reduction and oxidation potentials.
Semiconductors that meet this requirement while also having a bandgap that allows a solar-to-
hydrogen (STH) conversion efficiency of greater than 10% are rare. Therefore, efficient PECs
will most likely contain an anode and a cathode that are both semiconductors, which will both
contribute to the photon absorption and photovoltage generation.>” A schematic representation
of such a PEC composed of a larger bandgap photoanode and a smaller bandgap photocathode
combined in tandem is shown in Figure 1. For comparison, a PEC composed of a photoanode
serving as a single photon absorber paired with a metal cathode is also shown. In the tandem cell,
although both electrodes absorb photons and generate electron-hole pairs, only the minority
carriers are used to drive chemical reactions. The majority carriers of each electrode move to the
back contact and recombine. As a result, only the location of the VBM of the photoanode and
CBM of the photocathode are absolutely critical conditions for the selection of materials for solar
water splitting. (The CBM of the photoanode and VBM of the photocathode are still important as
they affect the photovoltage achievable by each electrode. This will be explained in the next
section). Compared to a PEC which uses a single photon absorber, the use of a tandem cell
allows for a greater number of materials to be considered for the construction of a water splitting
PEC.
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Figure 1. Schematic energy diagrams of (a) a PEC composed of a photoanode as a single photon absorber
paired with a metal cathode and (b) a PEC composed of a photoanode and a photocathode in tandem (Eg:
Fermi level, CB: conduction band, and VB: valence band).

Among various semiconductors that have been investigated as photoelectrodes for solar
water splitting, oxide-based photoelectrodes are attractive because of their inexpensive
processing costs and better stability in aqueous media compared to other types of semiconductor
electrodes. These are critical advantages because the commercial viability of a water splitting
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PEC is ultimately determined by the cost of hydrogen produced by the PEC, not just the STH
efficiency. Early studies on oxide-based photoelectrodes focused on a few types of binary oxides
(e.g. TiO,, Fe,03, WO3, ZnO). However, in the past decade, a significant effort has been made to
investigate ternary oxide-based photoelectrodes for application in water splitting PECs. Ternary
oxides are composed of two different metal ions combined in an oxide matrix. Using ternary
oxides instead of binary oxides provides more opportunities to tune the composition and atomic
and electronic structures of photoelectrodes, which can directly impact their
photoelectrochemical properties.

The purpose of this article is to provide a critical review of n-type ternary oxides that
have been investigated as photoanodes for water splitting PECs. The oxides reviewed in this
study meet the following criteria. First, the oxides have a bandgap energy < 2.5 eV. Second, the
oxides have demonstrated a photovoltage gain for water oxidation (i.e. the difference between
the photocurrent onset for water oxidation and the thermodynamic water oxidation potential of
1.23 V vs. RHE) of at least ~0.4 V. This means that their photocurrent onset potentials for water
oxidation have been shown to be more negative than ~0.8 V vs. RHE. Third, there are several
studies that contain reliable reports of the photoelectrochemical properties of the oxide being
investigated as a photoanode. For each compound reviewed in this study, we will summarize the
relevant properties and performances of the compound related to solar water oxidation. Then, we
will discuss the advantages and limitations of each compound, major efforts made to overcome
these limitations, and possible future research directions. Finally, by integrating our
understanding and analyses of all the photoanodes surveyed in this review, we will offer our
outlook for constructing more efficient oxide-based photoanodes. The information and
discussion provided in this review will be useful not only for the construction of water splitting
PECs but also for other types of PECs used for solar fuel production (e.g. CO, reduction) where
water oxidation is used as the anode reaction.

2. Evaluation of Photoanodes

Before reviewing the photoanode materials, important factors to consider when
evaluating photoanodes are briefly summarized in this section. This overview will be useful to
understand the discussions and insights provided in the review section.

Bandgap energy is one of the most important criteria in evaluating a photoanode as it
determines the maximum photocurrent density that can be generated by a given material. Figure
2 shows the relationship between the bandgap and the maximum achievable photocurrent
density.® We emphasize that the relationship shown in Figure 2 assumes that all photons
available in the solar spectrum with an energy equal to or greater than the bandgap energy are
utilized by the material. In other words, this plot assumes 100% incident photon-to-current
efficiency (IPCE). (This means that other factors that can affect photocurrent generation, such as
photon absorption, electron-hole separation, and interfacial charge injection as well as the band
edge positions relative to the water reduction and oxidation potentials, are not considered).
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Figure 2. Theoretical maximum photocurrent density (J,..,x) as a function of semiconductor bandgap
energy calculated using the photon flux of the AM 1.5G solar spectrum?® assuming 100% IPCE.

To date, photocurrent densities generated by most oxide-based photoanodes are far from
the predicted values shown in Figure 2. This is partly because not all incident photons with
energy equal to or greater than the bandgap energy of the semiconductor are absorbed by the
semiconductor. One critical factor that affects photon absorption is the absorption coefficient, a,
which indicates how strongly a semiconductor absorbs light at a given wavelength. The inverse
of the absorption coefficient is the light penetration depth (a!) and indicates how thick the
photoelectrode needs to be to achieve an optical density of 1 at a given wavelength.® If o' is
small, a thinner photoanode film can be used, which is advantageous to reduce bulk
recombination.

Even if this loss in photon absorption is taken into account and only the number of
absorbed photons is used to calculate the expected photocurrent density (using the
experimentally obtained absorbance spectra) assuming 100% absorbed photon-to-current
efficiency (APCE), the measured photocurrent densities (Jpgc) can still be much lower than those
predicted (J»s). This is because not all electron-hole pairs generated by photon absorption can be
separated and utilized for photocurrent generation due to bulk and surface recombination. The
following equation shows the relationship between Jppc and J . 1012

JPEC = Jabs x Msep X MNox

In this equation, the bulk separation efficiency, mg,, represents the percentage of
photogenerated holes that reach the surface of the semiconductor. The charge injection
efficiency, Mo, represents the percentage of surface reaching holes that are injected into the
solution to perform the desired oxidation reaction. Since the surface reaching holes that are not
used for the desired oxidation reaction are lost to surface recombination (assuming that none are
used for photocorrosion), N can also be referred to as the surface separation efficiency. When
Jpec 1s measured using a kinetically fast hole acceptor (e.g. sulfite), nox is assumed to be 1 and
Nsep €an easily be calculated by dividing Jpgc by Japs. To calculate no, for water oxidation, Jpgc for
water oxidation can be divided by Jpgc for the oxidation of a hole acceptor with 1, = 1

Most oxide-based photoelectrodes suffer from an extremely poor 1, SO Improving Msep 18
critical to increase Jpgc to be closer to J.,s, Since mox can be improved by the addition of an
appropriate oxygen evolution catalyst (OEC), no of a bare semiconductor electrode is not as
important as M. Sulfite and H,O, are the most commonly used hole acceptors whose Moy is
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assumed to be equal to 1.!> However, it should be emphasized that this assumption may fail when
using a photoanode whose rate of surface recombination is extremely fast (faster than the rate of
sulfite or H,O, oxidation). In this case, the calculated ng, will be lower than the actual 1
because the assumption that n = 1 is no longer valid and is less than 1.

The limited 1, of most oxide-based photoanodes is related to their poor charge transport
properties. The factors that affect the conductivity of the majority carriers (electrons for n-type
photoanodes) are the carrier concentration and the carrier mobility. Improving these properties
can help to decrease bulk recombination. The transport properties of the minority carriers (holes
for n-type photoanodes) are often evaluated in terms of the minority carrier diffusion length,
which is determined by the lifetime and mobility of the minority carriers.'* These charge
transport characteristics, which are critical to understanding and optimizing the
performance of photoanodes, are discussed in the review section when available.

Finally, the CBM of the photoanode is another critical factor to consider as it dictates the
maximum photovoltage that can be achieved by a given photoanode. (We assume that any
material selected as a photoanode already has a VBM properly located to use holes for water
oxidation as this is an absolute requirement for photoanodes used in a tandem PEC). As
previously mentioned, the photovoltage gain for water oxidation is the difference between the
photocurrent onset for water oxidation and the thermodynamic potential for water oxidation
(1.23 V vs. RHE). The most negative photocurrent onset potential that can be achieved by a
photoanode is equal to its flatband potential (Egg) and the photocurrent onset will be the same as
the Erg when no holes are lost to surface recombination. The Egg is not an intrinsic property of a
semiconductor, however, as it can be changed by altering the carrier density. Furthermore, since
the Erg of any non-degenerate semiconductor cannot be more negative than its CBM, the CBM
is the factor that ultimately limits the Egg position, and, therefore, the maximum photovoltage
that can be achieved for water oxidation.

Figure 3 illustrates how the photovoltage for water oxidation plays a role in determining
the STH efficiency of a PEC. In this figure, two hypothetical photoanodes with the same
bandgap but different photocurrent onset potentials are compared. Photoanode A can achieve a
photovoltage for water oxidation of ~1 V and photoanode B can achieve a photovoltage for
water oxidation of ~0.7 V. When these photoanodes are combined with a photocathode, the
operating current density (Jo,) of the resulting PECs can be determined by the point where the
photoanode and photocathode J-V curves intersect (the crossing point). In this example, a
photocathode that can achieve a photovoltage for H, evolution of 0.6 V is used. By looking at the
crossing point, it is evident that photoanode A can achieve a much higher J,,, than photoanode B.
This means that the STH efficiency achieved by photoanode A will be higher even though
photoanodes A and B have the same bandgap. (The J,, multiplied by 1.23 V provides the STH
efficiency of a PEC performing unassisted solar water splitting). Even when photoanode A is
compared with another photoanode that has a smaller bandgap (photoanode C), photoanode A
can achieve a higher J,, if photoanode C exhibits only a very limited photovoltage. (The smaller
bandgap of photoanode C results in higher photocurrent generation in the high bias region where
the photocurrent approaches the photocurrent limited by photon absorption, J,). This is why the
CBM position is a very important factor for evaluating a photoanode. This is also why
photoanodes that have not shown an onset potential for water oxidation more negative than 0.8 V
vs. RHE are not covered in this review.
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Figure 3. A scheme showing J-V plots of three hypothetical photoanodes and their J,,s when combined

with a photocathode in a PEC. Photoanodes A and B have the same bandgap but photoanode A has an

earlier photocurrent onset potential. Photoanodes B and C have the same photocurrent onset potential but
photoanode C has a smaller bandgap.

3. Review of Ternary Oxide-Based Photoanodes
3-1. Metal Ferrites

ZnFe,04 ZnFe,04 possesses many advantageous features of Fe,Os;, which has been
extensively studied as a photoanode. These include a relatively narrow bandgap (1.9 — 2.1 eV),
exceptional (photo)stability in basic media, and the low cost and environmentally benign nature
of its constituent elements.'> ' One major benefit of ZnFe,O, over Fe,O; for use in a water
splitting PEC is its CBM position. The CBM of Fe,03 is more positive than the water reduction
potential by ~200 mV while that of ZnFe,O, is slightly more negative than the water reduction
potential,'> which was confirmed by its ability to produce H, when used as a photocatalyst.!”- 13
This feature makes ZnFe,O4 more thermodynamically suitable for use in a water splitting PEC.
However, despite this advantage, the performances of ZnFe,O, photoanodes demonstrated to
date have been inferior to those of Fe,0;.!% 20 The most notable performances of ZnFe,O,
demonstrated for solar water oxidation have been summarized in Table 1.

ZnFe,0, was first investigated as a photoanode by Blasse and co-workers in 1985.2! The
authors prepared ZnFe,O, as a pellet using solid state methods and subsequently annealed at 700
°C in a N, atmosphere to improve its n-type character. However, photocurrent generated by the
resulting ZnFe,O4 photoanode in pH 14 NaOH under illumination using 300 nm light was low
(0.01 mA/cm? at 1.23 V vs. RHE). Wijayantha and co-workers investigated ZnFe,O, electrodes
prepared by aerogel-assisted chemical vapor deposition (CVD),?? where the particle size and
porosity of ZnFe,O, films could be controlled by changing the solvent used for the precursor
solution. The authors observed that a decrease in particle size (from ~150 — 200 nm to ~25 — 40
nm) and an increase in surface area improved the photocurrent density of ZnFe,O, for water
oxidation from 0.08 mA/cm? up to 0.16 mA/cm? at 1.23 V vs. RHE in pH 14 NaOH. This result
suggests that bulk electron-hole recombination is one of the major limitations of ZnFe,O,4, which
is also a major challenge for Fe,0s.
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Table 1. Comparison of solar water oxidation performances of ZnFe,O, photoanodes where
ZnFe,04 was used as a single photon absorber.

IPCE at 400 nm

Onset  Jat 123 Vrme Electrolyte and 1.23 Vgg  Stability

Electrode Preparation method (Vi) (mA/cm2)

Aerogel assisted-

ZnFe,04%? . .
2 chemical vapor deposition

0.88 0.35 pH 14 NaOH 10% -

Drop-casting a Zn solution on

ZnFe 0423 FeOOH followed by annealing 0.64 0.24 pH 14 NaOH 7% ¢ tzlttlle
and microwave treatment
Drop-casting a Zn solution on 3h
ZnFe,0,% FeOOH followed by annealing 0.75 0.32 pH 14 NaOH - stable
and H, treatment
Drop-casting a Zn solution on N
ZI.lFeQO;S/ FeOOH followed by annealing 0.53 0.35 pH 14 NaOH 8% 24h
NiFeO, at 1.1 Vrug stable
and H, treatment
TiO./ Drop-casting a Zn solution on
2
ZnFe,0./ _ FeOOH followed by 0.62 0.92 pH 14 NaOH 8% I1h
NiFeO.26 microwave treatment and H, stable
X treatment
ZnFesOu/ Drop-casting a Zn solution on
NiFeé put FeOOH followed by annealing 0.85 1.00 pH 14 NaOH 6% -
X and H, heat treatment
Atomic layer deposition ih
ZnFe, 0,428 on an inverse opal 0.90 0.26 pH 13 NaOH 2% stable
structured-substrate
ZnFe,0,% Spray pyrolysis, Ti doping 0.95 0.35 pH 14 NaOH 3% ¢ tzttlle

Lee and co-workers prepared ZnFe,O4 by first growing an array of FeOOH nanorods
(diameter = 40 nm, thickness = 400 nm) on fluorine-doped tin oxide (FTO) using chemical bath
deposition.?? They then drop-casted an aqueous Zn(NOj), solution onto their FEOOH electrodes
and annealed to form ZnFe,O,. After removing the excess ZnO layer in NaOH solution, pure
ZnFe,0, films could be obtained. While the photocurrent density of the as-prepared ZnFe,O4
photoanodes was not considerable (~0.02 mA/cm? at 1.23 V vs. RHE in pH 14 NaOH), it
increased to 0.24 mA/cm? at 1.23 V vs. RHE after a microwave heat treatment. The authors
examined the effect of the microwave treatment on ny, and 1o by comparing the photocurrent
densities for water oxidation and H,O, oxidation.!? 3% The authors showed that the microwave
treatment caused mg, to increase from 4% to 8% at 1.23 V vs. RHE by improving the
crystallinity of ZnFe,O4, which was confirmed by a decrease in the full width at half~-maximum
(FWHM) of X-ray diffraction (XRD) peaks. The authors also showed that the microwave
treatment increased mnox from 10% to 80% at 1.23 V vs. RHE by decreasing surface defect sites
formed during the removal process of the excess ZnO layer. Lastly, the authors performed a
stability test at 1.23 V vs. RHE and showed that a stable photocurrent density of 0.24 mA/cm?
could be maintained for 3 h without the aid of an OEC.
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In a follow-up paper by Lee and co-workers, the microwave treatment was replaced with
H,-treatment (i.e. annealing at 200 °C in a H, atmosphere).?* The H, treatment created additional
oxygen vacancies, which was confirmed by the O 1s spectra obtained using X-ray photoelectron
spectroscopy (XPS). The treatment also resulted in a 10-fold increase in the carrier density,
which was confirmed by a decrease in slope of the Mott-Schottky plots measured in pH 14
NaOH. A corresponding shift of the Egg was not observed, however. The authors showed that the
H, treatment could increase the g, from 2% to 8% and the 1o, from 35% to 90% at 1.23 V vs.
RHE compared to the untreated sample. The photocurrent density for water oxidation achieved
by the H,-treated ZnFe,04 without the addition of an OEC layer was 0.32 mA/cm? at 1.23 V vs.
RHE in pH 14 NaOH.

Recently, Sivula and co-workers examined the effect of adding a NiFeO, OEC layer.?’
They prepared Hj-treated ZnFe,0, using the method reported by Lee and co-workers?* and
deposited the NiFeO, OEC on the surface by drop-casting a solution containing Fe and Ni
precursors followed by annealing at 100 °C.? Although the same synthesis method was used, the
pristine ZnFe,O,4 photoanode prepared by Sivula and co-workers showed an earlier photocurrent
onset (~0.53 V vs. RHE compared to ~0.75 V vs. RHE) and a lower photocurrent density at 1.23
V vs. RHE (0.18 mA/cm? compared to 0.32 mA/cm?) for water oxidation in pH 14 NaOH
electrolyte. The authors reported that the Erg of ZnFe,O4 is ~0.5 V vs. RHE, which was
determined by the photocurrent onset for H,O, oxidation (i.e. construction of a Butler plot using
the J-V plot for H,O, oxidation). Their results showed that the addition of the NiFeO, OEC
resulted in a negligible change in photocurrent onset potential for water oxidation; however, the
fill factor increased considerably and a photocurrent density of 0.35 mA/cm? was achieved at
1.23 V vs. RHE. The authors concluded that although the addition of the OEC could improve the
Nox for water oxidation from 42% to 75% at 1.23 V vs. RHE, the low ng, (12% at 1.23 V vs.
RHE) is a major limitation of ZnFe,Oy,.

In a more recent study, Lee and co-workers synthesized ZnFe,O,4 using a combination of
microwave treatment and H, treatment.?® In addition, they added a thin TiO, layer between the
FTO substrate and ZnFe,04 layer to block electron injection from FTO to the electrolyte. The
bottom TiO, layer was prepared by spin coating a Ti(IV) diisopropoxide bis(acetylacetonate)
solution on FTO followed by annealing at 250 °C. The thickness of the resulting TiO, layer was
2 — 7 nm. FeOOH nanorods were then deposited on the FTO/Ti0, substrate using the previously
reported method.?> An aqueous Zn(NQO3), solution was drop-casted onto FeOOH followed by
microwaving for 2 min to form ZnFe,O, without pre-annealing the sample in a furnace. The
excess ZnO was then removed by soaking in a NaOH solution. Based on the XRD patterns, the
resulting ZnFe,0, electrode showed comparable crystallinity to a ZnFe,O, electrode prepared by
annealing in a furnace at 800 °C for 20 min. However, the microwave treatment resulted in
ZnFe,0,4 nanorods with a smaller average diameter (60 nm vs. 80 nm) than those prepared by
annealing in a furnace and also better maintained the conductivity of the FTO substrate. The
resulting FTO/Ti0,/ZnFe,0, electrode generated a photocurrent density of 0.22 mA/cm? for
water oxidation at 1.23 V vs. RHE in pH 14 NaOH. When the FTO/Ti0,/ZnFe,0, electrode was
subsequently treated with H, at 200 °C for 2 h to increase the concentration of oxygen vacancies,
the photocurrent density for water oxidation was increased from 0.22 mA/cm? to 0.79 mA/cm? at
1.23 V vs. RHE. The authors showed that the H, treatment increased ny, from 10% to 24% and
Nox for water oxidation from 51% to 77%. The authors then deposited an amorphous NiFeOy
OEC layer on the H,-treated FTO/Ti10,/ZnFe,O,4 by photolysis of a solution containing Fe(III)
and Ni(II) precursors using 1 sun illumination for 10 min, followed by a heat treatment at 100 °C
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for 30 min. The resulting FTO/Ti0,/ZnFe,04/NiFeOy electrode generated a photocurrent density
for water oxidation of 0.92 mA/cm? at 1.23 V vs RHE in pH 14 NaOH.

In 2018, Sivula and co-workers reported an additional study of ZnFe,O, photoanodes
where they discussed the effect of spinel inversion.?’ In a normal spinel structure, the divalent
ions are stabilized in the tetrahedral (Tg4) sites while the trivalent ions are stabilized in the
octahedral (Oy) sites. The inversion degree (0) is defined by the fraction of Ty sites occupied by
the trivalent ion, which is Fe3" in the case of ZnFe,04 The authors used Rietveld refinement to
show that ¢ increased from 0.13 to 0.30 when the annealing temperature was decreased from 800
°C to 600 °C. The authors also showed that a higher degree of spinel inversion resulted in
superior majority charge carrier transport properties, and, therefore, a higher ny,. For example,
the nep of ZnFe,O, annealed at 600 °C (17%) was considerably higher than that of ZnFe,O,
annealed at 800 °C (8%) at 1.23 V vs. RHE. The authors postulated that the conductivity of
ZnFe,0, is likely based on small polaron hopping, and changes in the electronic structure that
accompany the normal-inverse spinel transition could aid charge transport via a hopping
mechanism. The ZnFe,04 sample with 8 = 0.30 generated photocurrent densities of 0.8 mA/cm?
and 1.0 mA/cm? at 1.23 V vs. RHE in pH 14 NaOH without and with the addition of a NiFeO,
OEC, respectively. These photocurrent densities are the highest obtained for ZnFe,O, used as a
single photon absorber for solar water oxidation. This study demonstrates that the factors
affecting small polaron-based charge transport can be significantly different from those affecting
charge transport through the conduction band. (Structural disorder is generally known to be
unfavorable for charge transport through the conduction band). This study also shows that
understanding and improving small polaron-based charge transport is critical in improving the
photoelectrochemical properties of oxide-based photoelectrodes.

Atomic doping, which increases the majority carrier density of a material, is another
possible method to improve ng,. Li and co-workers prepared Ti-doped ZnFe,O4 by spray
pyrolysis followed by additional annealing steps where Ti*" ions substitutionally replaced Fe**
ions.?’ The authors showed a slight shift of the (220) peak in the XRD pattern to a higher two
theta value as evidence for incorporation of Ti into the ZnFe,O, lattice. The atomic percent of Ti
present in the Fe site of the ZnFe,O, lattice was determined to be 6% by XPS. The authors
obtained a J-V plot for water oxidation in pH 14 NaOH and showed that the photocurrent density
at 1.23 V vs. RHE improved from 0.05 to 0.35 mA/cm? by Ti doping, although the photocurrent
onset potential was identical at 0.95 V vs. RHE. Mott-Schottky measurements showed that the
carrier density of ZnFe,0, increased upon Ti doping although no change of the Egg (0.85 V vs.
RHE) was observed.

Another effective way to increase 1 is to deposit an extremely thin layer of ZnFe,O,4 on
a high surface area, wide-bandgap substrate (e.g. TiO, nanotube arrays,3! Al-doped ZnO nanorod
arrays®?). For example, Kuang and co-workers deposited a thin layer of ZnFe,O4 (15 nm) on Al-
doped ZnO nanowire arrays.’? The diameter and thickness of the Al-doped ZnO nanowires were
~130 nm and ~7 pm, respectively. The resulting Al-doped ZnO and Al-doped ZnO/ZnFe,04
nanowires generated photocurrent densities of 0.30 mA/cm? and 1.72 mA/cm?, respectively, at
1.23 V vs. RHE in pH 6.5 Na,SO,. This means that most of the photocurrent (~1.42 mA/cm?)
was generated by the ZnFe,O, layer. This value, which was obtained without the use of an OEC,
is significantly higher than the photocurrent obtained by ZnFe,O, electrodes deposited on typical
2D conducting substrates. ZnFe,O,4 has also been used as an overlayer on other photoanodes. For
example, it has been combined with Fe,O;3 to enhance electron-hole separation’® 34 and with

10
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BiVO, to increase the stability of BiVO, in basic media while simultaneously increasing light
absorption.?’

Decreasing surface recombination is another possible strategy to improve the
performance of ZnFe,0,. Choi and co-workers showed that an Al treatment can be an effective
way to passivate the surface of ZnFe,04.3* The Fe?* ions exposed on the surface of ZnFe,O,
have imperfect coordination environments, which can generate surface states that facilitate
surface recombination.?® The authors postulated that forming a thin ZnFe; ,Al,O, solid solution
layer on the surface could provide a means to reduce the number of Fe3* ions exposed at the
surface. The authors tested this postulation using a Fe,O3/ZnFe,04 composite electrode where
ZnFe,04 served as an overlayer. The Al,O5 surface layer was added by drop-casting an aqueous
AI(NOs); solution on the Fe,Os/ZnFe,0, electrode followed by annealing in air at 520 °C. The
excess Al,O; was then removed by soaking in 1 M NaOH. The J-V plots for water oxidation by
the Fe,03/ZnFe,0, electrodes performed in pH 14 NaOH showed that the photocurrent density at
1.23 V vs. RHE was improved from 0.04 to 0.30 mA/cm? by the Al treatment. When Co?" ions
were adsorbed on the surface of the Al-treated Fe,Os;/ZnFe,O4 to serve as an OEC, the
photocurrent density at 1.23 V vs. RHE increased to 0.39 mA/cm?, and the photocurrent onset
was shifted from 0.85 to 0.65 V vs. RHE.

To elucidate the major differences between ZnFe,O4 and Fe,O; photoanodes, Bein and
co-workers prepared 20 nm-thick ZnFe,O,4 and Fe,O; films by atomic layer deposition (ALD)
followed by annealing at 600 °C.?® The Epg and carrier densities of the resulting films were 0.64
V vs. RHE and 2 x 10'7 ¢cm™ for ZnFe,0,4 and 0.75 V vs. RHE and 2 x 10!® ¢m3 for Fe,0;.
Although the carrier density of ZnFe,O4 was lower than that of Fe,0s, it possessed a more
negative Epg, probably because the CBM of ZnFe,0, is located above that of Fe,O;. The J-V
plots for water oxidation measured in pH 13 NaOH showed that while the photocurrent onset
potential of ZnFe,04 (0.9 V vs. RHE) was more negative than that of Fe;O; (1.1 V vs. RHE), the
photocurrent density at 1.23 V vs. RHE of ZnFe,O, (0.05 mA/cm?) was considerably lower than
that of Fe,O3 (0.24 mA/cm?). The UV-Vis absorption spectra showed that although ZnFe,O, and
Fe,O; have comparable bandgaps, the absorbance of ZnFe,O, was significantly lower in the
visible region (Figure 4), suggesting that poor photon absorption by ZnFe,0, is the major reason
for its lower photocurrent density. (The lower carrier density of the ZnFe,O,4 film compared to
the Fe,O5 film used in this study could have also made a contribution to its lower photocurrent
generation). Additionally, intensity-modulated photocurrent spectroscopy (IMPS) was used to
compare the charge transfer properties of these two compounds for water oxidation. The results
showed that the rates of charge transfer for water oxidation were comparable, while the rate of
surface recombination of ZnFe,O, was slower than that of Fe,O;. The room temperature carrier
mobilities of ZnFe,04 and Fe,O; were previously reported to be 3 x 10 ¢cm?/V-s37 and 6 x 10
cm?/V-s,3® respectively. These results suggest that the low mobility of ZnFe,O, may be an
additional factor that causes the photocurrent of ZnFe,O, to be inferior to that of Fe,Os.
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Figure 4. Reflectance-corrected absorbance (A.,,) spectra of ALD-deposited ZnFe,O, and Fe,O; films
with corresponding photographs of the films. Adapted with permission from Ref. 28 John Wiley & Sons.
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Continuous improvement of the photoelectrochemical properties of ZnFe,O4 summarized
here suggests that further enhancement of the performance of ZnFe,O, may be achieved when
multiple strategies are combined. However, remarkable improvements in the light absorption
properties, bulk separation, and photocurrent onset potential will be necessary in order to
consider using ZnFe,O, as the primary photon absorber in a photoanode system.

MgFe,04 and CuFe,0, MgFe,0, is an n-type oxide that also possesses a spinel structure
with a bandgap of 2.0 — 2.2 eV.!® However, only a few studies investigating the performance of
MgFe,04 as a photoanode have been reported to date.?!> 34! These reports include studies using
MgFe,O, as an overlayer on Fe,03% and as an n-type layer on p-type CaFe,O,4 to form a
heterojunction.*! Therefore, there is limited information available about the properties of
MgFe,0,4 used as a single photon absorber. The CBM of MgFe,O, has been confirmed to be
more negative than 0 V vs. RHE by both Mott-Schottky measurements and by detection of H,
produced by MgFe,O,4 when it was used as a photocatalyst.*?

CuFe,0y, is another n-type oxide and its bandgap has been reported to be 1.3 - 1.5 ¢V.16
CuFe,04 has a disordered spinel structure where Cu?* and Fe?* ions readily occupy both T4 and
Oy, sites.**> 4 The degree of inversion can vary depending on the synthesis method. The CBM of
CuFe,0,4 was also confirmed to lie above 0 V vs. RHE by detection of H, produced by CuFe,O,
when it was used as a photocatalyst.*’
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Figure 5. Photoelectrochemical properties of CuFe,0, (CFO), MgFe,O, (MFO), and ZnFe,0, (ZFO) in
pH 14 NaOH, where H, 550, and NFO represent H, heat treatment, annealing in air at 550 °C, and the
addition of a NiFeO, OEC, respectively: (a-c) J-V plots obtained in pH 14 NaOH under AM 1.5G
illumination with Butler plots (J? vs. E) shown as insets. For H,0, oxidation, 0.5 M H,0, was dissolved in
the solution. (d-f) Efficiencies for bulk charge separation (Noux = Msp) and the interfacial hole transfer
reaction (Msuface = Nox)- Adapted with permission from Ref. 25. Copyright 2018 The Royal Society of
Chemistry.

In a paper mentioned previously in the ZnFe,O, section, Sivula and co-workers compared
the photoelectrochemical properties of MgFe,O, and CuFe,04 with those of ZnFe,O4 (Figure
5).23 To prepare their electrodes, FEOOH films were used as precursor films and the second
metal atom was incorporated by drop-casting a solution containing Mg, Cu, or Zn ions followed
by annealing. After forming the desired spinel compounds, the excess oxides were removed by
soaking the films as follows: MgO and CuO were dissolved in 7 M HNO; and ZnO was
dissolved in 5 M NaOH. The authors then annealed the CuFe,O, films in air at 550 °C to
improve crystallinity and annealed the MgFe,O4 and ZnFe,O, films at 200 °C under H, flow to
increase the carrier density by increasing oxygen vacancies, which was confirmed by XPS O 1s
spectra.

The authors determined the indirect bandgaps of MgFe,O4 and CuFe,O,4 to be 2.0 eV and
1.3 eV, respectively. When H,O, was used as a hole scavenger, MgFe,O, and CuFe,O4
generated photocurrent densities of 0.10 mA/cm? and 0.30 mA/cm?, respectively, at 1.23 V vs.
RHE in pH 14 NaOH. Based on these results, the ng, at 1.23 V vs. RHE was determined to be
2% for MgFe,04 and 3% for CuFe,0, (Figure 5). These are both significantly lower than the 1
of ZnFe,0, (12%) reported in the same paper. The authors estimated the Erg of MgFe,04to be
~0.65 V vs. RHE and the Egg of CuFe,04to be ~0.8 V vs. RHE using the photocurrent onset
potentials measured for H,O, oxidation (i.e. construction of Butler plots using the J-V plots for
H,0, oxidation). It is not clear whether these positive Egg values are due to insufficient doping
levels or extremely fast surface recombination near the Egg. If the latter is true, the injection rate

13



Chemical Society Reviews

for H,O, oxidation cannot be 100% in the potential region near the Epg and the photocurrent
onset potential does not accurately represent the Egg,

Lastly, the water oxidation photocurrent densities at 1.23 V vs. RHE were 0.02 mA/cm?
for MgFe,O, and 0.01 mA/cm? for CuFe,O4. After the deposition of a NiFeO, OEC, the
photocurrent densities increased to 0.04 mA/cm? and 0.15 mA/cm? for MgFe,04 and CuFe,O,,
respectively, at 1.23 V vs. RHE in pH 14 NaOH. Based on these results, the 1, was calculated to
be 50% for MgFe,O,4 and 43% for CuFe,04at 1.23 V vs. RHE after the addition of the NiFeOy
OEC (Figure 5). The performances of MgFe,O, and CuFe,O, for water oxidation are
summarized in Table 2.

Since the limitations of MgFe,0, and CuFe,0, are very similar to those of Fe,O3; and
ZnFe,0,4, which have been intensively studied as photoanodes, the various methods that have
been proven to enhance the photoelectrochemical properties of Fe,O; and ZnFe,O, may be
applied to enhance the photoelectrochemical properties of MgFe,O, and CuFe,O4. The most
critical task for the consideration of MgFe,O, and CuFe,O, as viable photoanodes is the
identification of effective methods to improve their extremely poor bulk charge separation.

Table 2. Comparison of solar water oxidation performances of MgFe,O, and CuFe,O4
photoanodes.

IPCE at
Electrode Preparation method ((\)/nset) J iﬂmj/i;l/;)“ Electrolyte 1.1 Vrug,  Stability
RHE 400 nm
Moy DREesiMsbmaROON e M asc
NiFeO2 otiowed by annea’ing 2he : : NaOH stable
treatment
oy DRbmaCoshiomiOON s g4 am
NiFeO2 otiowed by annea’ing 2he : : NaOH stable
treatment
BiFeO; BiFeO; has a rhombohedrally distorted perovskite structure in which the

displacements of the Bi, Fe, and O atoms in the distorted structure remove the center of
symmetry and cause BiFeOs to be ferroelectric.4¢

The bandgap of BiFeOs is reported to be 2.4 — 2.6 eV based on Tauc plots; however, UV-
Vis absorption spectra of BiFeO3; commonly show the light absorption onset to be around 600
nm.*’-#% This suggests that its bandgap could be as low as 2.1 eV, although its absorption
coefficient near the absorption onset region may be low. One paper reported the color of BiFeO;
to be red-orange, providing additional support that BiFeO; may have a lower bandgap energy
than reported.’® An Epp of n-type BiFeO; as negative as -0.30 V to 0 V vs. RHE has been
reported based on Mott-Schottky measurements, indicating that the CBM of BiFeOj; is much
more negative than 0 V vs. RHE.** 4° These advantageous features encourage the investigation
of BiFeO; as a photoanode material for solar water splitting.

Without the addition of any extrinsic dopants, both n-type and p-type BiFeO; have been
obtained, suggesting that intrinsic defects responsible for both n-type doping and p-type doping
can readily form in BiFeOs;. The defects that can lead to n-type doping include oxygen
vacancies®! while the defects that can lead to p-type doping include Bi vacancies.’? This means
that the doping type of BiFeOs; is determined by which type of defects preferentially form using a
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given synthesis condition. For example, BiFeOs electrodes prepared by pulsed laser deposition*’
and by sputtering are reported to be n-type as prepared. On the other hand, BiFeO; electrodes
prepared by chemical bath deposition*”->* and by low pressure-CVD* are reported to be p-type
as prepared.

= as-prepared (p-type) 7
“‘E 0.2 p === E-field treated (n-type)
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Figure 6. J-V plots of BiFeO; films in pH 7 Na,SO, under illumination (power density not specified)
before (red) and after (green) electric field treatment (i.e. applying -8 V vs. Ag/AgCl). The dark current is
shown by the black line. (a: Erg of as-prepared sample, b: Egg of E-field-treated sample, ¢: arrow
indicating the p-to-n conversion caused by the E-field-treatment. It should be noted that both the as-
prepared and E-field-treated samples show p-to-n conversion within a single scan at the location of their
Eggs. Also, outside of the shaded area, the E-field-treatment does not result in p-to-n conversion).
Adapted with permission from Ref. 47. Copyright 2016 American Institute of Physics Publishing LLC.

It has also been reported that the ferroelectric nature of BiFeOj; allows the band bending
at the BiFeOs/electrolyte interface to flip (i.e. upward to downward or downward to upward)
upon the application of an electric field resulting in n-to-p (or p-to-n) conversion.*7> 4% 34 35
However, it is not clear whether the observed n-to-p (or p-to-n) conversion upon the application
of an electric field is truly caused by the ferroelectricity of BiFeOs;. It is possible that the
observed conversion may be caused by the creation of more defects that can serve as donors or
acceptors during the application of the electric field, which altered the majority carrier type. If
the as-prepared BiFeO; is very lightly doped and the Epg is located near the middle of its
bandgap, the conversion between n-type and p-type behaviors may be observed even with a
small change in acceptor or donor concentration. In fact, some studies reporting n-to-p (or p-to-
n) conversion of BiFeO; when an electric field was applied showed both n- and p-type behavior,
which is demonstrated as a switching of the sign of the photocurrent (i.e. cathodic to anodic or
anodic to cathodic) during a single potential sweep prior to the application of the electric field
(Figure 6).47-4% 54 This behavior is typically observed with a very lightly doped semiconductor.
After applying an electric field, the resulting samples also showed a change in the sign of the
photocurrent during a single potential sweep (Figure 6), which means that even the electric field-
treated samples are still very lightly doped. The only obvious change observed after the electric
field treatment was a shift in the potential where the cathodic to anodic photocurrent conversion
occurred (equivalent to the Epg) (Figure 6).47- 4% 34 (When n-to-p conversion was observed the
Erg was shifted to the positive direction and when p-to-n conversion was observed the Egg was
shifted to the negative direction.) We note that increasing the carrier density by applying a
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potential (or an electric field) to a photoelectrode to create more defects has been achieved even
when the photoelectrode is not ferroelectric.’® Also, if the n-to-p (or p-to-n) conversion is
achieved solely by flipping of the band bending associated with the ferroelectricity, it should be
confirmed that the Erg before and after applying the electric field remains unchanged. Therefore,
more careful and systematic studies will be necessary to support the claim that the
ferroelectricity of BiFeOs; is the reason that n-to-p (or p-to-n) conversion of BiFeO; can easily
change when an electric field is applied.

While the bandgap and band positions of BiFeO; look promising, there have been only a
few studies investigating the photoelectrochemical properties of BiFeQ;.47-4% 5% 55 The highest
performing n-type BiFeO; showed a water oxidation photocurrent density of 0.17 mA/cm? at
0.85 V vs. RHE in a pH 6 Na,SO, solution with a photocurrent onset potential of 0.15 V vs.
RHE.* The highest performing p-type BiFeO; showed a water reduction photocurrent density of
-0.05 mA/cm? at 0.10 V vs. RHE in a pH 6 Na,SO, solution with a photocurrent onset potential
of 0.55 V vs. RHE.** The photostability of n-type BiFeOs for water oxidation has also been
demonstrated in pH 6 and pH 9 electrolytes by Moniz and co-workers.*® The authors showed that
when combined with a Ni borate OEC, n-type BiFeO; generated a photocurrent density of 0.6
mA/cm? at 1.7 V vs. RHE for 3 h. Evolved H, and O, gases were collected during the stability
test, and Faradaic efficiencies for H, and O, evolution were calculated to be 85% and 70%,
respectively.

The results obtained for BiFeO; so far clearly show that BiFeO; is an interesting
compound that has the potential to be used as a photoelectrode with significant room for
improvement. Most studies of BiFeOs to date have focused primarily on demonstrating switching
of the doping type; however, facile conversion of the doping type means that both the as-
prepared and converted BiFeO; electrodes are very lightly doped. The focus of future studies
should lie in preparing optimally doped n-type or p-type BiFeO; to systematically assess its
potential as a photoanode or photocathode for solar water splitting.

3-2. Metal Tungstates

CuWO, CuWOyq is an extensively studied photoanode material with a bandgap of 2.2 — 2.3
eV. The o' of CuWO, has been reported as ~600 nm at A = 450 nm by Hamann and co-
workers.”” The a'! was determined from the UV-Vis absorption spectrum of an 80 nm-thick
compact and smooth CuWOy film prepared by ALD. The authors noted that their measured o!
value is shorter than a previously reported value (~2500 nm at A = 450 nm)>® and attributed this
difference to different densities of the two films. The film with the longer light penetration depth
was prepared by spray pyrolysis and was not a dense film.

CuWO, has several advantages when compared with WO;. First, its bandgap is smaller
than that of WO; (~2.6 eV), allowing utilization of a greater portion of visible light. The
reduction in bandgap results from an upward shift of the VBM caused by the mixing of Cu 3d
and O 2p orbitals, while the CBM remains similar to that of WO; (Figure 7a).’® Additionally,
CuWOy; is reported to be chemically and photoelectrochemically stable in pH 7 — 9, where WO;
is not stable.>®-¢! (WOj; is stable only in strongly acidic solutions).®? Figure 7b shows J-t plots
obtained for CuWO,4 and WOj; photoanodes in pH 7 borate buffer under at an applied potential of
1.23 V vs. RHE. Both films used in this study were prepared by electrodeposition. CuWOy,
showed stable photocurrent generation for 12 h, while WO;3; showed a continuous photocurrent
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decay.’® ¢! The fact that CuWQy is stable during water oxidation even without the addition of an
OEC suggests that either CuWO, is thermodynamically stable against photocorrosion or the rate
of photocorrosion of CuWQy is considerably slower than the rate of water oxidation.
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Figure 7. (a) Band diagrams for CuWO, and WO;. Adapted with permission from Ref. 58. Copyright
2011 The Royal Society of Chemistry. (b) J-t plots of CuWO, and WO; photoanodes at 1.23 V vs. RHE
in pH 7 borate buffer under AM 1.5G illumination. Adapted with permission from Ref. 61. Copyright
2016 American Chemical Society.

The fundamental limitation of CuWO, appears to be its extremely poor Mg Smith and
co-workers examined photocurrent generation in pH 7 phosphate buffer using H,O, as a hole
scavenger and reported that the ng, of their porous CuWO;, film, which was prepared by spray
pyrolysis, was only 3% at 1.23 V vs. RHE.® Considering that the oxidation of H,O, can cause a
current doubling effect, the actual 1., may be even lower than this reported value.®* Hamann and
co-workers confirmed the current doubling effect of H,O, by comparing photocurrents generated
for the oxidation of H,O, and sulfite in pH 9 borate buffer (Figure 8) using their ALD-deposited
CuWOy electrodes.® Their results showed that the photocurrent obtained for H,O, oxidation was
much higher than the photocurrent obtained for sulfite oxidation. For example, the photocurrent
densities at 1.23 V vs. RHE for the oxidation of H,O, and sulfite were 0.29 mA/cm? and 0.16
mA/cm?, respectively. The use of sulfite resulted in a shift of the onset potential from 0.85 to 0.6
V vs. RHE compared to water oxidation. However, although the sulfite oxidation photocurrent
was enhanced in the low bias region (< 1.23 V vs. RHE), photocurrents for sulfite oxidation and
water oxidation become comparable in the high bias region (> 1.23 V vs. RHE). This result
suggests that the major challenge of using CuWO, as a photoanode is its extremely poor ng.
Since the o for water oxidation is not a serious limiting factor for CuWOQy, it is also expected
that the use of an OEC will not drastically increase the photocurrent of CuWO, for water
oxidation. Indeed, studies that report the combination of CuWO, with an OEC to achieve
photocurrent enhancement have been very rare. Only an incremental increase in photocurrent for
water oxidation has been observed when manganese phosphate was used as an OEC on a
CuWO4or a CuiWO,/WO3 composite photoanode.®!- 66
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Figure 8. J-V plots of CuWO, for water oxidation (black), sulfite oxidation (red), and H,O, oxidation
(blue) in pH 9 borate buffer under AM 1.5G illumination. The vertical dashed gray line represents the
thermodynamic potential for water oxidation (1.23 V vs. RHE). Adapted with permission from Ref. 65.
Copyright 2017 The Royal Society of Chemistry.

As previously mentioned, one approach to increase Ty, is atomic doping, which can
increase the carrier density and improve charge transport properties, thus improving electron-
hole separation. Smith and co-workers introduced Fe3" into the CuWOy, lattice to substitute the
octahedrally coordinated Cu®* using a spray pyrolysis method.®> The doped CuWO, showed an
increase in photocurrent for both water oxidation (from 0.13 mA/cm? to 0.14 mA/cm?) and H,O,
oxidation (from 0.27 mA/cm? to 0.42 mA/cm?) at 1.23 V vs. RHE in pH 7 phosphate buffer.
However, the exact role of the dopant was not confirmed in this study because no direct evidence
was provided to confirm an increase in the charge carrier density of the doped sample. In
addition to Fe3', Zn>" and Co?" have also been investigated as dopants to substitute Cu?*,
although the addition of these atoms has not been shown to improve the photoelectrochemical
performance.®!- 7

H,-treatments have also been employed to increase the carrier density and 1, of CuWOy,
08,69 For example, Diao and co-workers annealed their CuWO, film in a 5% hydrogen
atmosphere (5% H, and 95% Ar) at 250 °C and observed an increase in the photocurrent density
from 0.30 mA/cm? to 0.45 mA/cm? at 1.23 V vs. RHE in pH 7 phosphate buffer.%® The authors
confirmed that the carrier density was increased by 2.7 times using Mott-Schottky analysis,
although the Epg remained unchanged. They also used XPS to show that the oxygen vacancies
generated by the H, treatment were accompanied by an increase in the concentration of W3" in
CU.WO4.

Other attempts to improve the performance of CuWO, have involved minimizing the
bulk resistance of the material. For example, multi-walled carbon nanotubes (MWCNTSs) were
added to make composites with CuWO, to provide alternative conductive pathways for charge
carriers.’”? In this study, CuWOy, films were prepared by spray pyrolysis, and MWCNTs were
added to the CuWO, precursor solution with a MWCNT:CuWO, ratio of 1:10,000 by weight.
Although the addition of MWCNTs resulted in an enhancement of the photocurrent for water
oxidation in pH 10 carbonate buffer solution, the degree of enhancement was not significant. (An
increase from 0.20 mA/cm? to 0.225 mA/cm? at 1.23 V vs. RHE was observed).
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Fabrication of nanostructured films with a particle size smaller than the charge carrier
diffusion length is another important strategy to improve mp. The hole diffusion length of
CuWO, was determined to be 30 nm by time-resolved microwave conductivity (TRMC)
measurements of a CuWOy, thin film grown by CVD.’! The short carrier diffusion length of
CuWO, provides a challenge when trying to design nanostructured materials that can effectively
increase bulk charge separation. Several attempts have been made to develop high surface area
CuWOj electrodes, including the conversion of nanostructured WO5.%% 672 For example, Li and
co-workers produced a CuWO, photoanode composed of vertically oriented CuWO, nanoflakes
with dimensions of ~1 um X ~1 um X ~20 — 30 nm. This electrode showed the best
performance among all undoped CuWO, photoanodes but the photocurrent density achieved by
this sample for water oxidation in pH 9.5 borate buffer was still only ~0.4 mA/cm? at 1.23 V vs.
RHE.”?

A few groups have investigated the presence of surface states in CuWO, photoelectrodes
as a possible cause for this low photocurrent generation. Bartlett and co-workers prepared a
dense, polycrystalline CuWO, film by spin-coating a sol-gel precursor containing Cu and W and
studied the presence of surface states using electrochemical impedance spectroscopy (EIS).”3
From Mott-Schottky analysis, the authors observed Fermi level pinning in the potential region of
0.81 —1.01 V vs. RHE when low frequencies were used. This Fermi level pinning disappeared as
the frequency was increased. The authors also observed that the Fermi level pinning was present
both in the dark and under illumination in the same potential region. Based on these
observations, the authors concluded that the Fermi level pinning was caused by the presence of
permanent surface states in their CaWOy,, although the specific energetic locations of these states
could not be determined. The authors discussed that the presence of these surface states can limit
the rate of water oxidation and can also serve as recombination centers in the low bias region,
thus delaying the photocurrent onset for water oxidation.

On the other hand, Hamann and co-workers reported that their CaWO, films prepared by
ALD or spray pyrolysis commonly did not show Fermi level pinning in Mott-Schottky plots
obtained in the dark or under illumination.”* Instead, the authors used Bode plots, cyclic
voltammetry (CV), and EIS analysis to show that surface states are formed only under
electrochemical or photoelectrochemical water oxidation conditions. Based on these results, the
authors concluded that surface states in their CuWQ, electrodes are not intrinsic states but are
formed due to water oxidation intermediates. The authors stated that recombination of these
intermediate species with electrons in the conduction band of CuWO, is responsible for the
difference in the photocurrent onset potentials for sulfite and water oxidation.

In addition to challenges related to bulk recombination and the presence of surface states,
CuWO, has a relatively wide bandgap. Thus, an attempt to decrease the bandgap of CuWO, has
been made to improve photon absorption. Choi and co-workers formed solid solutions of CuWO,
and CuMoQ, and produced CuW; ,Mo,0, films by electrodeposition followed by annealing at
500 °C in air.”> The CuW, 35Mog 6504 photoanode showed a successful decrease in the bandgap
from 2.3 eV to 2.0 eV. In addition to an increase in the photon absorption, the CuW 35Mo0g 504
photoanode also showed enhanced photocurrent generation for water oxidation (e.g. 0.06
mA/cm? for CuWO, and 0.15 mA/cm? for CuW;35Mog6s04 at 1.23 V vs. RHE in pH 7
phosphate buffer). However, using density functional theory (DFT) calculations, the authors
showed that Mo doping decreases the bandgap by lowering the CBM of CuWO,, rather than
raising the VBM, which is thermodynamically unfavorable for solar H, production. Therefore,
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the authors concluded that the bandgap reduction achieved by CuW, (Mo4O, is not desirable for
solar water splitting applications.

The results and understanding of CuWO, provided to date suggest that unless new
strategies are developed to drastically increase ms, of CuWO,, further improving the
photoelectrochemical properties of CuWO, for use as a single photon absorber will be
challenging. Also, when compared with ternary metal ferrites that have the same bulk separation
problem, both the CBM and bandgap of CuWOQ, are less favorable, making CuWO, less
promising for future development as a photoanode.

a-SnWQ, a-SnWO, has several attractive features for use as a photoanode; it possesses a
bandgap of 1.64 — 2.1 eV’ and it has a favorable a-! of ~70 nm at A = 450 nm.”” The a! value
was determined based on the UV-Vis transmittance and reflectance spectra of a dense and
smooth 180 nm-thick a-SnWO, film prepared by DC magnetron sputtering. The Erg determined
using Mott-Schottky analysis is reported to be -0.14 V — 0 V vs. RHE.”# This confirms that the
CBM of a-SnWOy lies at a more negative potential than 0 V vs. RHE, which is advantageous for
application in a water splitting PEC.

Despite the benefits outlined above, a-SnWO, has not yet shown promising photocurrent
generation. Rao and co-workers compared the photocurrent for water oxidation and sulfite
oxidation using nanoporous a-SnWO, electrodes prepared by hydrothermal conversion of WO;
in an aqueous SnCl, solution.” The photocurrent generated by this electrode for sulfite oxidation
was very low and was similar to that observed for water oxidation (0.08 mA/cm? at 1.23 V vs.
RHE, pH 7 phosphate buffer) (Figure 9a). The negligible difference between the sulfite and
water oxidation photocurrents suggests that the major limitation of a-SnWO, is not surface
recombination but bulk recombination.

One difficulty in producing high quality a-SnWO, photoelectrodes is that a-SnWO,
contains Sn?*, which can be easily oxidized to Sn*". It has been reported that Sn*" defects can
behave as electron traps in Sn?'-containing metal oxide photocatalysts, decreasing their
photocatalytic activity.”®-8? Therefore, the use of an inert or vacuum atmosphere during annealing
is necessary to produce highly crystalline a-SnWQ,4.”% 7%- 33 Even when inert conditions such as
Ar or N, atmospheres were used for annealing during the solid state syntheses of a-SnWO,
powders, Mossbauer spectroscopy®? and XPS’® studies have revealed the presence of Sn*" in the
a-SnWO, samples. Therefore, special care is necessary to avoid the production of Sn*'
impurities or defects during the synthesis of a-SnWO,.

In addition to challenges associated with Sn?* oxidation during synthesis, some studies
have reported that electrochemical oxidation of Sn?* to Sn*" can also readily occur in aqueous
solutions.”® 7 For example, Rao and co-workers and Bartlett and co-workers used nanoporous o-
SnWO, films prepared by hydrothermal methods and reported that nonzero dark current was
present in their J-V plots obtained in pH 7 phosphate buffer or pH 5 phosphate buffer,
respectively, under chopped illumination (Figure 9a and 9b). The authors claimed that this may
be due to the electrochemical oxidation of Sn?' in a-SnWOQ,. However, Takanabe and co-
workers did not observe such dark current (Figure 9c¢) in a J-V plot obtained in 0.2 M sulfate (pH
3) for their dense and highly crystalline a-SnWO, film, which was prepared by DC magnetron
sputtering followed by annealing at 600 °C in a N, environment.3° The discrepancy in these
studies suggests that the electrochemical instability of Sn?* in the a-SnWOj, lattice may not be an
intrinsic problem of a-SnWOQO, and can be affected considerably by the quality of the film (i.e.
crystallinity, surface defects). It may also be possible that the electrochemical dark current

20

Page 20 of 60



Page 21 of 60

Chemical Society Reviews

observed by other groups may be due to the oxidation of Sn?>" in other Sn?*-containing
impurities, rather than the oxidation of Sn?* in the a-SnWOj lattice.
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Figure 9. Chopped light J-V plots of a-SnWO, prepared by (a) Rao and co-workers measured in pH 7
phosphate buffer (Adapted with permission from Ref. 79. Copyright 2017 American Chemical Society),
(b) Bartlett and co-workers measured in pH 5 phosphate buffer (Adapted with permission from Ref. 76.
Copyright 2015 Elsevier), and (c) Takanabe and co-workers measured in a pH 3 sulfate solution. (d)
Comparison between the first and second J-V scans of a-SnWO, prepared by Takanabe and co-workers.
For (¢) and (d), the numbers in parentheses refer to the thicknesses of the films in nm. Adapted with
permission from Ref. 80. Copyright 2015 American Institute of Physics Publishing LLC. All J-V plots
were measured under AM 1.5G illumination.

The photostability of Sn** in a-SnWQ, is another concern because the oxidation of Sn**
to Sn*" may occur by photogenerated holes during photoelectrochemical water oxidation. For
example, Takanabe and co-workers showed a significant decrease in the photocurrent for water
oxidation after one LSV sweep under illumination. They attributed this decrease to the
generation of Sn*" during the first sweep, which can act as an electron trap site during
subsequent sweeps (Figure 9d).8° Rao and co-workers investigated the anodic photocorrosion of
a-SnWQO, by monitoring changes in photocurrent generation during three consecutive LSV
sweeps under illumination.” They used three different electrolytes: aqueous pH 7 phosphate
buffer, an aqueous solution containing Fe(CN)¢*/3>, and anhydrous acetonitrile containing 1 M
LiClO, as a supporting electrolyte (Figure 10). The degree of surface oxidation of Sn?>" to Sn**
was measured from the Sn 3ds, XPS spectra. The photocurrent for water oxidation measured in
aqueous pH 7 phosphate buffer showed a significant decay between the first and third LSV
sweeps, accompanied by the detection of a large amount of Sn*" by XPS. However, photocurrent
measured in an aqueous solution containing Fe(CN)s*3- as a kinetically fast redox couple
showed negligible photocurrent decay after three LSV sweeps. This result suggests that the
photooxidation of Sn?>" on the a-SnWOQ, surface may not be a serious issue if a-SnWOy, is
coupled with an OEC that can increase the rate of water oxidation to be comparable to that of
Fe(CN)g* oxidation. The authors also noted that the formation of Sn** in a-SnWOQO, did not occur
in nonaqueous conditions, meaning that the oxidation of a-SnWOQO, requires the presence of water
(SnWO, + H,O + 2h™ — SnO, + WO; + 2H"). This suggests that the addition of a protection
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layer, which can prevent direct contact with water, may be an effective strategy to prevent
photocorrosion of a-SnWO,,

Judging from its bandgap, CBM, a-!, and photocurrent onset potential, a-SnWOy has the
possibility to become an efficient photoanode if methods to produce high quality a-SnWO,
electrodes and strategies to effectively reduce bulk recombination in a-SnWO, can be developed.
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Figure 10. (a) Differences in photocurrent density at different applied potentials between the first and
third LSV measurements of a-SnWQO, under AM 1.5G illumination in aqueous pH 7 phosphate buffer, an
aqueous electrolyte containing Fe(CN)¢*3~, and nonaqueous anhydrous acetonitrile containing 1 M
LiClO,. (b) Sn 3ds, XPS spectra of a-SnWOQO, as-synthesized (top), after LSV measurements in the
nonaqueous electrolyte (middle), and after LSV measurements in the aqueous electrolyte without a
kinetically fast redox couple (bottom). Adapted with permission from Ref. 79. Copyright 2017 American
Chemical Society.

Fe;, WOy Fe, WOy is reported to have a favorable bandgap of 1.5 — 1.7 eV; however, there
are only a few studies reporting its performance as a photoanode.?* 85 Although this bandgap is
well-suited for solar water splitting, Fe;WOg has several limitations that may ultimately prevent
its use as a photoanode for a water splitting PEC. Abdi and co-workers synthesized Fe, WOg thin
films using spray pyrolysis and found that its Egg lies at 0.6 — 0.65 V vs. RHE using Mott-
Schottky analysis.®> The authors also estimated the VBM to be ~1.7 €V below the Fermi level
from ultraviolet photoelectron spectroscopy (UPS) measurements. Since the bandgap of their
Fe,WO4 was measured to be 1.7 eV, these results indicate that the CBM lies very close to the
Fermi level (0.6 — 0.65 V vs. RHE). This positive CBM position will fundamentally limit the
photovoltage gain for water oxidation by Fe,WOs.

Another major limitation of Fe;WOg is its long o' of 1000 nm at A = 450 nm, which
indicates that Fe;WQg is not a good photon absorber.?> This a! value was determined by UV-Vis
measurements using dense, polycrystalline Fe,WOg films prepared by spray pyrolysis.
Furthermore, the 1y, and hole diffusion length of this Fe,WOg film were determined to be only
5% and 10 nm, respectively.’®> Due to the unfavorably positioned band edges, poor light
absorption properties, and severe bulk recombination, Fe,WOg is not likely to be a promising
photoanode candidate for a water splitting PEC.

3-3. BiVO,
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BiVOQy is an n-type semiconductor with a bandgap of 2.4 — 2.5 eV that has proven to be
one of the most promising photoanodes for use in a water splitting PEC. The CBM is located at
~0 V vs. RHE, which is favorable for H, evolution.'> BiVO, has been reported to have an Egg as
negative as ~0.1 V vs. RHE.2% 8692 Additionally, a photocurrent onset potential as negative as
~0.25 V vs. RHE has been demonstrated for water oxidation when BiVO, was combined with an
OEC.20. 3691, 939 A photocurrent onset of 0.25 V vs RHE is equivalent to achieving a
photovoltage of ~1 V for water oxidation. Photoanodes with a bandgap that can utilize visible
light and achieve such a high photovoltage for water oxidation are rare. Because of this favorable
photocurrent onset potential, BiVO, can achieve unassisted solar water splitting even when it is
combined with an inexpensive single junction photocathode (e.g. p-Si, p-Cu,O) whose
photovoltage for water reduction is limited.?%- 97-%9

Another extraordinary feature of BiVO, is its exceptionally high ny,. While typical
oxide-based photoanodes demonstrate ng,s of < 10% at 1.23 V vs. RHE, 1, for BiVO,4 has been
reported to be > 90% at 1.23 V vs. RHE.?% 87- % Even in the low bias region, BiVO4 shows an
exceptional M, reaching as high as 70% at 0.6 V vs. RHE.%” Additionally, BiVO,4 does not
suffer from extremely fast surface recombination like many other oxide-based materials,
meaning that all surface reaching holes can be used for sulfite oxidation. In other words, 1x for
sulfite oxidation can accurately be assumed to equal 1. As a result, the photocurrent onset for
sulfite oxidation is very close to the Epg of BiVO,. (For oxides whose rate of surface
recombination is faster than the rate of sulfite oxidation, the photocurrent onset potentials for
sulfite oxidation are much more positive than their Eggs). When BiVO, is combined with an
OEC that can increase the rate of water oxidation to be equivalent to that of sulfite, the
photocurrent onset for water oxidation also becomes very close to its Egg. Another advantage of
BiVOy is that although it is not thermodynamically stable against photocorrosion, its rate of
photocorrosion is slow. This means that the photocorrosion of BiVO, can be kinetically
suppressed as long as holes are quickly consumed by interfacial charge transfer reactions.
Combined, these features make BiVO, an exceptional candidate for an oxide-based photoanode
to be used in solar water oxidation. As a result, most recent PECs constructed to perform
unassisted solar water splitting that generated sustainable photocurrent for at least 1 hour
employed BiVO, as the sole photoanode or in conjunction with another photoanode.?0: %0 93, 96-107
The configurations and performances of these PECs are summarized in Table 3. The most
notable performances of BiVO, photoanodes for solar water oxidation where BiVO,4 was used as
a single photon absorber are summarized in Table 4.

Table 3. STH efficiencies (1) achieved by BiVOy-based PECs constructed for unassisted solar
water splitting.

BiVO, Coupled J STHn

op o
photoanode photocathode Electrolyte (mA/em?) %) Stability

Si PV cells
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H,-treated Mo-doped BiVO,/
FeOOH/NiOOH with
H,-treated Ti-doped
FCzO}/TiOz/NizFeoxzo

W-doped BiVO,/Co-Pi*®

W-doped BiVO,/Co-Pi?’

Perovskite PV cells

Mo-doped BiVO4/FeOOH/NiOOH
on an inverse nanocone substrate?®

Mo-doped BiVO,/FeOOH/NiOOH
on a nanocone substrate®?

H,-treated Mo-doped BiVO,/Co-Ci*

Metal oxide photocathode

H,-treated Mo-doped BiVO,/
FeOOH/NiOOHY

Chemical Society Reviews

Two 1-jnf Si

2-int Si

2-jnf Si
1-jn* Si

FA0_33CSO_17Pb12Br

CH;NH;Pbl,

CH;NH;Pbl;

CuZO/Ga203/Ti 02

pHO
carbonate

pH7
phosphate

pH7
phosphate

pH7
phosphate

pH7
phosphate

pHO
carbonate

pH9
borate

4.5 (BiVOy) 5.6 (BiVOy)
3.2 (F6203) 3.9 (F6203)
6.3 (together) 7.7 (together)

42 52
4.0 (2-jn) 4.9 (2-jn)
3.0 (1-jn) 3.6 (1-jn)

5.7 7.0

5.0 6.2

3.5 43

2.5 3.0

stable

1h
stable

1h
stable

6h
stable

10h

gradual
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decrease

12h
stable

12h

Stable

1-jn and 2-jn stand for single junction and double junction, respectively.

Table 4. Comparison of solar water oxidation performances of BiVO, photoanodes where
BiVO, was used as a single photon absorber.

Electrode Preparation method (Q/nset) ! aztml/f/in\;g% Electrolyte  Stability
RHE

. Electrodeposition of a BiOI film
BivOy/ - followed by annealing with a V 0.20 4.5 pH7 S0h
FeOOH/NiOOH solution phosphate stable

. Electrodeposition of a BiOI film
I;;gg?;g ggg;‘ﬁ followed by annealing with a V 0.24 4.7 bpo I;Ia?e :;gl};

solution and post-treatment with N,

. Electrodeposition of a BiOI film
Bivoy 05 followed by annealing with a V 0.22f 4.9% pH O 10h
NiFeO4-B borate stable

solution
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Electrodeposition of an amorphous

BiVOy/ : . . i " pHO9 100 h
FeOOH/NiOOH! Bi film followed by z_mneahng witha  0.32 5.9 borate stable
V solution
Mo-doped Bll\(;o o Solid state reaction followed by ball pHO 1100 h
NiFeOOH o . 0.28 3.8
milling and post annealing borate stable
W-doped BiVO,/ Spray pyrolysis followed by 030 40 pH7 60 h
Co-Pi*® annealing ) ' phosphate stable
H,-treated . .
Mo-doped BiVO,/ Drop-casting followed by.anneahng 024 50 pHO 8h
FeOOH/NiOOH20 and post-treatment with H, carbonate stable
Mo-doped BiVOy/ Drop-casting on a nanocone shaped H7 10 h
FeOOH/NiOOH glass/SiO,/Pt/SnO, substrate 0.21 5.8 hg sphate gradual
on a nanocone substrate?? followed by annealing phosp decrease
Mo-doped BiVO4/ Drop-casting on an inverse
Fe(Ni)OOH nanocone shaped 022 6.0 pH7 6h
on an inverse nanocone glass/TiO,/Pt/SnO, substrate ’ ’ phosphate stable
substrate®® followed by annealing

fPerformances obtained by stacking two BiVO, films

Due to the unique and remarkable features of BiVO,, which have enabled the generation
of considerable photocurrent, BiVO, has been used as a model system to test various strategies to
improve photoelectrochemical properties and stabilities of oxide-based photoanodes. For this
reason, recent studies on BiVO, have provided a greater understanding of oxide-based
photoelectrodes overall. Because we have previously reviewed the background of and progress
made on BiVO, through 2013, in this paper we chose to highlight the most significant
developments made since 2013 in understanding and improving BiVO, photoanodes.

Morphology Tuning The effective hole diffusion length of pristine BiVO, is ~57 — 75
nm, -3 which is longer than that of many other oxides. Therefore, it should be relatively easy
for BiVOy, to achieve a high my, via nanostructuring. Choi and co-workers synthesized a high
surface area porous BiVO, film (average particle size ~76 nm) using an electrodeposited BiOI
film as the precursor film.?¢ 87 An array of extremely thin BiOI plates were electrodeposited
perpendicular to the FTO substrate with ample void space between the plates (Figure 11a). This
BiOlI film was converted to a BiVO, film by drop-casting a V-containing solution followed by
annealing. During annealing, each BiOI plate formed multiple BiVO, particles that were
interconnected with minimum grain boundaries between the particles, which ensured good
electrical continuity all the way to the underlying FTO (Figure 11b-c). The void space between
the BiOlI plates in the pristine BiOI films ensured that the BiVO, particles formed from different
BiOI sheets remained separate, resulting in the formation of high surface area BiVO,4 (31.8
m?/g).87 Any excess V,0s formed during annealing was removed by dissolution in 1 M NaOH.
The resulting BiVO,4 achieved neps of 70 % and 90 % at 0.6 and 1.23 V vs. RHE, respectively.?’
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In a more recent study, Choi and co-workers modified the deposition conditions of BiOI
to grow thicker and more densely packed BiOlI plates (Figure 11d). This resulted in the formation
of larger, columnar-type BiVO, particles (Figure 11e-f), which are more crystalline than the
BiVO, particles discussed above. The average diameter of the particles (~110 nm) was still
sufficiently small to maintain a high ng, while the thick, dense-BiVO, film increased photon
absorption per unit area of the film. As a result, an enhancement in the photocurrent density of
BiVO, was observed (Figure 11g).* We found that most of the high-performing BiVO, films
reported to date, which can generate a photocurrent density for sulfite oxidation of ~5 mA/cm? at
1.23 V vs. RHE, are commonly composed of BiVO, nanoparticles with an average particle size
in the range of 100 nm — 200 nm.2% 93, 94,96, 108

L L L L
02 04 06 08 10
E (V vs. RHE)

Figure 11. SEM images of (a) a BiOI precursor film on FTO (side view) and (b) top and (c) side view
images of a BiVO, film obtained from the BiOI film. Adapted with permission from Ref. 87. Copyright
2014 American Association for the Advancement of Science. SEM images of (d) a thicker and more
densely packed BiOI film and (e-f) a resulting BiVO, film. Adapted with permission from Ref. 94.
Copyright 2018 Macmillan Publishers Limited, part of Springer Nature. (g) J-V plots of BiVO, films
shown in b-c (blue) and e-f (red) for sulfite oxidation in pH 9 borate buffer containing 0.2 M sulfite under
AM 1.5G illumination. The black line represents the dark current.

Increasing the Majority Carrier Density Atomic doping has been used to increase the
majority carrier density of BiVO,. The most commonly reported successful doping studies of
BiVO, involve Mo®" or W doping into the V> site.88 97, 114-119 An optimum level of doping can
increase the carrier density and thus the electrical conductivity of BiVOy, resulting in an increase
in Mgp. One interesting doping strategy reported by van de Krol and co-workers is gradient
doping.’” They demonstrated this concept using a dense, 200 nm-thick BiVO, film prepared by
spray pyrolysis. They incorporated W¢" into their film with a doping level of 1% at the bottom
and 0% at the top of the BiVO, film. Their goal was to allow band bending to extend across the
entire thickness of the BiVOy film, thus increasing mp. The resulting film showed a 1y, of 60%
at 1.23 V vs. RHE, which was significantly higher than that of the uniformly 1% W-doped
BiVOq film (38 % at the same potential).

In addition to doping the V>* site of BiVO,, Choi and co-workers investigated a series of
lanthanide (Ln) metal ions as dopants into the Bi’" site.!?° The authors observed a systematic
change in the size of the BiVO, lattice according to the size of the lanthanide ion incorporated
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and also confirmed no change in morphology after doping, which is important to conduct a
meaningful doping study. If the morphology of a doped sample is different from that of the
pristine sample, it is extremely difficult to isolate the effect of doping. They reported that Sm and
Yb doping resulted in photocurrent enhancement for both sulfite and water oxidation, while La
and Ce doping resulted in the opposite effect. These effects were explained by changes in the
electronic structure of the doped BiVO, samples compared to the pristine one, as elucidated by
DFT calculations. To explain the experimental results observed for Sm and Yb doping, both Ln
doping and O vacancies (the intrinsic defect of BiVO,) needed to be considered simultaneously
in the calculations. This suggests that understanding the interactions between intrinsic defects
and extrinsic dopants may be important to more accurately understand the behavior of doped
semiconductors.

Another commonly used method to increase the carrier density of BiVO, without
introducing metal ion dopants is the use of post-synthesis gas treatments. For example, annealing
BiVO, films in a H, atmosphere, referred to as H,-treatment, has been reported to increase the
carrier density and therefore the my, and photocurrent generation of BiVO,.!13: 121 122 A few
studies reported that H, treatment of BiVO, can not only create O vacancies but also incorporate
H atoms into the BiVO, lattice.!'3 122 Sharp and co-workers'??> and Abdi and co-workers'!3
reported that the presence of H in O vacancies plays a critical role in the charge transport
properties of Hp-treated BiVO,4. Abdi and co-workers attempted to create O vacancies without H
incorporation using Ar treatment instead of H, treatment and did not observe any increase in
photocurrent.!’3 They concluded that O vacancies alone are not responsible for the observed
photocurrent enhancement. However, the authors did not comment on whether Ar treatment was
able to generate the same level of oxygen vacancies as H; treatment. Since Ar is an inert gas and
may not interact with O in the BiVO, lattice in the same way as H, gas, it is possible that the
concentration of O vacancies created by Ar treatment may have been significantly less than the
concentration of O vacancies created by H, treatment. Therefore, it is not clear whether the
difference in photocurrent obtained after Ar treatment and H, treatment was due to the
incorporation of H in O vacancies or due to the different amounts of O vacancies created. In
order to clearly isolate the effect of H incorporation into O vacancies, comparing the
performances of BiVO, electrodes containing the same concentration of O vacancies with and
without the presence of H will be necessary.

Abdi and co-workers also compared the charge transport properties of H,-treated BiVO,
and W-doped BiVO, (Table 5).!''3 Their results showed that while both H, treatment and W
doping commonly increased the majority carrier density, they had drastically different effects on
other charge transport properties. The H, treatment marginally improved the mobility of both
electrons and holes while significantly improving the hole lifetime. As a result, the diffusion
length of the holes was greatly improved in the H,-treated BiVO,. In contrast, W doping
decreased the mobility of both electrons and holes significantly and also decreased the lifetime of
the holes, significantly decreasing the diffusion length of the holes. The authors explained that W
ions in the BiVOy lattice can serve as recombination centers by trapping photogenerated charge
carriers.

Table 5. Bulk charge transport properties of pristine, Hj-treated, and 1% W-doped BiVO,

photoanodes.!!? (u: carrier mobility, p.: electron mobility, p,: hole mobility, t: carrier lifetime,
Ly: carrier diffusion length, Ny: carrier density)
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p He L T Ly Nq
(cm? V71 g7 (cm? V71 g7 (cm? Vg7 (ns) (nm) (cm™)
BiVO, 0.07 0.04 0.03 43 57 7.0+ 1.7 x 1018
H,-BiVO, 0.08 0.045 0.035 109 101 1.1+£0.3 x10%!
W-BiVO, 0.02 0.01 0.01 32 28 2.9+0.8 x 10?!

Another method employed to increase O vacancies in BiVO, is N, treatment. Choi and
co-workers treated their nanoporous BiVOy films using N, (350 °C for 2 h while flowing N,) and
observed an increase in the carrier density and a corresponding increase in 1,.* They compared
the properties of their N-treated sample with a H,-treated sample and saw comparable effects on
Nsep- Additionally, the authors observed that N, treatment resulted in nitrogen incorporation into
the BiVO, lattice, which was confirmed by electron probe micro-analysis (EPMA) and XPS.
This result is surprising because incorporation of nitrogen into an oxide lattice typically requires
the use of NH; at much higher temperatures (> 500 °C). However, nitrogen incorporation into
mesoporous V,0s by annealing under N, flow has been reported previously,!?® 124 suggesting a
high affinity of mesoporous vanadium-containing oxides for nitrogen. The authors
computationally showed that nitrogen incorporation can decrease the bandgap of BiVO, by
raising the VBM, which is highly desirable for application in water splitting PECs (Figure 12a).
The authors also experimentally confirmed a decrease of 0.2 eV in the bandgap by IPCE
measurements (Figure 12b) and UV-Vis absorption spectra.
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Figure 12. (a) Electronic band structure of pristine BiVO, and BiVO, with charge-balanced N doping
(9% O replaced with 6% N and 3% O vacancies) (b) IPCE of BiVO, (black) and N,-treated BiVO, (red)
at 0.6 V vs. RHE in pH 7 phosphate buffer containing 1 M Na,SO; showing a decrease in bandgap by 0.2
eV after N incorporation. Adapted with permission from Ref. 89. Copyright 2015 Macmillan Publishers
Limited, part of Springer Nature.

Choi and co-workers also discussed the possibility that N incorporation can influence the
charge carrier mobility of BiVO,.?° Electron transport in most oxide-based photoelectrodes,
including BiVOQy, is achieved through small polaron hopping,'?® in which the transport of charge
carriers also involves a deformation of the crystal lattice. The authors noted that N incorporation
can change the static dielectric constant of BiVO,, which would lower the activation energy of
small polaron hopping and improve the polaron mobility. Since they did not directly measure a
change in mobility, it is not clear whether this change in mobility truly contributed to the
increased photocurrent generation caused by N doping. However, an important message
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delivered by this work is that a dopant atom that is introduced into a host oxide material may
have multiple effects that alter the photoelectrochemical properties of that material via different
mechanisms. This study, along with the study by Abdi and co-workers comparing the effects of
H, treatment and W doping,'!3 illustrates that a comprehensive understanding of doping effects is
critical to effectively control the charge transport properties of a photoanode by composition
tuning.

To date, studies that have attempted to increase the mobility of small polarons have been
rare. One interesting study reported by Chueh and co-workers showed the effect of temperature
on the mobility of small polarons.'?® The authors compared photocurrent generation by Mo-
doped BiVO, coupled with a CoPi OEC for water oxidation at various temperatures. As the
temperature increases, the deformation of a crystal lattice becomes easier. This causes an
increase in the polaron mobility, resulting in an increase in the photocurrent density (Figure 13).
For example, increasing the temperature from 25 °C to 42 °C resulted in an increase in
photocurrent from 2.6 to 4.0 mA/cm? at 1.0 V vs. RHE. It should be noted that for covalent
semiconductors, such as Si, where the electrons are delocalized and transport occurs through the
conduction band, the electron mobility decreases when the temperature increases due to
enhanced phonon scattering.!?”- 128 Therefore, an increase in mobility caused by an increase in
temperature is unique for semiconductors in which charge transport occurs through small polaron
hopping. The operating temperature of a PEC is expected to be greater than room temperature
under solar illumination, which may be advantageous for PECs which use oxide-based
photoelectrodes whose charge transport involves small polaron hopping.

Currentdensity (mA/cm?)

0.0 0.I2 ‘ 0.4 . OIG . D_IB . 1I.0
E (V vs. RHE)

Figure 13. Temperature-dependent J-V plots of the CoPi/Mo:BiVO,/Sn0O,/Si photoanode in pH 7
phosphate buffer under AM 1.5G illumination. Adapted with permission from Ref. 126. Copyright 2016
The Royal Society of Chemistry.

Coupling with Oxygen Evolution Catalysts In general, the rate of water oxidation on the
bare BiVO, surface is significantly slower than that of sulfite oxidation. After a few initial
studies demonstrated that the photocurrent achieved by BiVO, for water oxidation could be
considerably increased by the addition of OECs such as Co-Pi,'* RhO,,!'"® and FeOOH,!3°
various OECs have been coupled with BiVO, photoanodes.!3!1-134

When an OEC is used as an electrocatalyst on a conducting substrate, it increases the rate
of water oxidation only through an increase in the rate constant for water oxidation (ko).
However, when an OEC is coupled with a photoanode to utilize photogenerated holes for water
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oxidation, OECs can also increase the rate of water oxidation by increasing the number of holes
available for water oxidation. This is achieved when an OEC improves bulk or surface electron-
hole separation in some way. For instance, the OEC can serve as a hole sink, which affects the
band bending of the photoanode, or it can decrease surface recombination by passivating surface
states.!3>-137 Broadly speaking, any compound that can increase the rate of water oxidation when
coupled with a photoanode can be regarded as an oxygen evolution catalyst. However, some
studies use the term “catalyst” only when the rate of water oxidation is increased through an
increase in k.. Therefore, when a study states that an additional layer is not truly acting as an
OEC, although the rate of water oxidation increases, this means that the rate of water oxidation is
increased by a mechanism that does not involve an increase in k.

Since the rate of photoelectrochemical water oxidation is affected not only by k., but also
by the number of holes available for water oxidation, which can increase by decreasing the rate
of surface recombination (k..), an OEC should be chosen while taking into account its effect on
both k.. and ke.13% 138 For example, even if an OEC can increase K,,, if it increases k... more
drastically, a decrease in the rate of water oxidation may result. In the same manner, even if an
OEC does not significantly increase ky, if it can effectively decrease ki, it can improve the rate
of water oxidation. While k,y is an intrinsic property of an OEC, k.. depends critically on the
interfacial structure at the photoanode/OEC junction. Therefore, even for one photoanode
material, the optimum OEC may be different depending on the surface structure of the
photoanode, which can be affected by the synthesis condition.

Choi and co-workers demonstrated the importance of minimizing recombination at the
photoanode/OEC junction by comparing the effects of FeOOH and NiOOH OECs on water
oxidation by a BiVO, photoanode.?” (Figure 14) The authors showed that when tested as an
electrocatalyst on a FTO substrate, NIOOH showed a better catalytic performance, meaning that
NiOOH possessed a higher k,x under their experimental conditions. However, when placed on
BiVO,, FeOOH performed better than NiOOH. The authors postulated that this is due to
decreased recombination at the BiVO,/FeOOH interface compared to the BiVO,/NiOOH
interface. This postulation was supported by comparing the photocurrents of BiVO,/FeOOH and
BiVO4/NiOOH electrodes for sulfite oxidation. Since the rate of sulfite oxidation should be
equally fast on BiVO,, FeOOH, and NiOOH surfaces, a decrease in photocurrent observed after
the addition of a FeEOOH or NiOOH layer on BiVO,4 can only be due to loss of holes to
recombination at the BiVO4/OEC interface. The authors showed that the photocurrent for sulfite
oxidation achieved by BiVO4,/NiOOH was significantly lower than that achieved by
BiVO4/FeOOH, confirming that FEOOH forms a better interface with BiVO, and thus
experiences reduced interfacial recombination. The authors also prepared a
BiVO4/FeOOH/NiOOH photoanode, where FeOOH and NiOOH were deposited consecutively.
This electrode performed better than BiVO,/FeOOH and BiVO,/NiOOH because it utilized the
advantages of both OECs: the minimum recombination achieved by the BiVO4/FeOOH interface
and the fast water oxidation kinetics achieved by the NiOOH/electrolyte interface. The authors
also constructed BiVO,/NiOOH/FeOOH films to confirm that this electrode showed the worst
performance due to opposite effects. As mentioned earlier, recombination at the
photoanode/OEC junction depends on the surface structure of the photoanode (e.g. surface
termination, surface composition). Therefore, we note that although FEOOH formed the best
interface with the BiVO, synthesized by Choi and co-workers, this does not necessarily mean
that FeEOOH will be the best OEC for BiVO, with different surface terminations produced by
other synthesis methods.
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Figure 14. J-V plots of (a) BiVO,/FeOOH, (b) BiVO4#/NiOOH, (c¢) BiVO4/FeOOH/NiOOH, and (d)
BiVO4/NiOOH/FeOOH comparing photocurrent generation for 1.0 M sulfite oxidation (dashed) and
water oxidation (solid) measured in pH 7 phosphate buffer. Photocurrent for sulfite oxidation achieved by
bare BiVO, is shown as the black dashed line for comparison. All J-V plots were measured under AM
1.5G illumination. Adapted with permission from Ref. 87. Copyright 2014 American Association for the
Advancement of Science.

Stability Stable operation of photoelectrodes is another critical factor to consider for the
practical construction of PECs. According to the Pourbaix diagram constructed for BiVOy,
BiVOy is thermodynamically stable in the water stability region (0 — 1.23 V vs. RHE) between
pH 1 and 11.13° However, experimentally observed stabilities of BiVO, can vary depending on
the sample quality. This is because V,0s is a highly soluble oxide®? and the solubility of any V-
containing ternary oxide can be significantly affected by its crystallinity as well as its V content.
Since the anodic photocorrosion of BiVO, involves its dissolution, and the dissolution is affected
by the crystallinity of the electrode, the crystallinity of BiVOy, is a critical factor that can affect
its rate of photocorrosion. The BiVO, films used for solar water splitting applications are
typically produced via low temperature annealing and are composed of nanocrystalline particles,
meaning that they cannot have the perfect crystallinity of single crystalline BiVO,. As a result,
the chemical and photoelectrochemical stabilities of BiVO4 can be seriously underestimated if
the BiVO, films used for stability tests are not highly crystalline. One simple way to check the
crystallinity of a sample is to calculate the crystalline domain size using the Scherrer equation
based on the FWHM of XRD peaks. If the crystalline domain size calculated from the Scherrer
equation is significantly smaller than the particle size observed by SEM, a significant portion of
each BiVOy, particle (i.e. the outer region of each particle) has poor crystallinity or is amorphous.
These samples are expected to show poor chemical and photoelectrochemical stabilities.

Domen and co-workers demonstrated impressive photostability of Mo-doped BiVO, with
a Ni-Fe OEC for over 1100 hours in 1.0 M borate buffer (pH 9) with a photocurrent density of
2.6 mA/cm? at 0.6 V vs. RHE.!% The authors synthesized highly crystalline BiVO, particles
(particle size ~300 — 500 nm) by annealing at 800 °C for 2 h, ball milling to crush the particles,
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and re-annealing at 700 °C for 2 h. The resulting BiVO, showed excellent crystallinity and its
XRD pattern showed well-resolved Bragg diffraction peaks even in the high two theta region (>
55°) (Figure 15). The authors showed that their highly crystalline BiVO, generated stable
photocurrent at 1.23 V vs. RHE in pH 9 borate buffer for 2 hours without the use of an OEC. The
authors also noted that a less crystalline BiVO, film that they used as a control sample did not
show any signs of photocorrosion when the photocurrent was measured in pH 9 borate buffer at
0.6 V vs. RHE under AM 1.5G illumination or at 2 V vs. RHE in the dark. This suggests that the
photoanodic dissolution of BiVO, occurs only under conditions where a considerable number of
holes are generated and accumulate on the BiVO, surface. This also implies that the addition of
an OEC that can minimize hole accumulation on the BiVO, surface is critical to achieve
photostability. To attain longer-term photostability for water oxidation, the authors added a Ni-
source (dissolved from the substrate) and a Fe-source (impurity from the electrolyte) to the PEC
so that the Ni-Fe OEC could be deposited on BiVO, during water oxidation and continuously
regenerated if the OEC layer was damaged during the test. Thus, the two critical factors enabling
long-term operation were the high crystallinity of BiVO,4 and prevention of OEC loss during
water oxidation.
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Figure 15. (a) XRD patterns of Mo-doped BiVO, particles annealed at different temperatures. BM stands
for “ball milling.” The miller indices of BiVO, (JCPDS, No. 83-1699) are shown at the bottom. (b) SEM
images of the corresponding BiVO, particles (scale bar = 1 um). Adapted with permission from Ref. 109.
Copyright 2016 Macmillan Publishers Limited, part of Springer Nature.

Choi and co-workers performed a systematic investigation of the chemical stability,
photoelectrochemical stability for sulfite oxidation, and photoelectrochemical stability for water
oxidation using their nanoporous BiVO, photoelectrode.’* The authors showed that their
nanoporous BiVO;, did not show any signs of chemical dissolution after being immersed in pH 9
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borate solution in the dark for 2 months (Figure 16). Judging from the FWHMs of XRD peaks,
the nanoporous BiVO, used in this study is very crystalline relative to BiVO, prepared from
other methods. The authors also showed that BiVO, can achieve photostability for sulfite
oxidation for 500 hours when operated at 0.6 V vs. RHE in pH 9 borate buffer (Figure 17a).
However, BiVO, coupled with a FeOOH/NiOOH OEC showed photoanodic dissolution when
water oxidation was performed under the same conditions for more than 50 hours. The authors
noted that the photocurrent generated by BiVO4/FeOOH/NiOOH for water oxidation was less
than that generated by BiVOy for sulfite oxidation, meaning that BiVO,/FeOOH/NiOOH did not
utilize all of the surface-reaching holes for water oxidation. Thus, the slower rate of water
oxidation compared to sulfite oxidation resulted in the accumulation of holes at the BiVO,
surface, leading to photocorrosion.
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Figure 16. (a) XRD patterns, (b) UV-Vis spectra, and (¢) photocurrent measurements for sulfite oxidation
(0.2 M) of BiVO, in pH 9 borate buffer under AM 1.5G illumination before (black) and after (blue)
immersion in pH 9 borate for 50 days in the dark. SEM images (d) before and (e) after immersion are also
shown. Adapted with permission from Ref. 94. Copyright 2018 Macmillan Publishers Limited, part of
Springer Nature.

When a photoanode is photostable for sulfite oxidation but not for water oxidation, the
rate of photocorrosion is significantly slower than the rate of sulfite oxidation but faster than the
rate of water oxidation. In this case, the photocorrosion of the photoanode can be kinetically
suppressed if the surface-reaching holes can be consumed with a rate comparable to that for
sulfite oxidation. Therefore, one way to enhance the photostability of BiVO, during water
oxidation is to increase the rate of water oxidation to the level of sulfite oxidation by improving
the OEC. We note that when a higher performing BiVO, photoanode is used, (i.e. greater
number of surface-reaching holes) the prevention of photocorrosion during water oxidation
becomes more difficult and requires a better OEC.
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Another possible route to kinetically suppress photocorrosion is to force the rate of
photocorrosion to be slower than the rate of water oxidation. When the rate of water oxidation is
slower than the rate of sulfite oxidation, a fraction of the surface-reaching holes may accumulate
at the surface. The accumulated holes can destabilize the BiVO, lattice at the surface, increasing
its solubility and resulting in V leaching. Choi and co-workers postulated that V>* loss may not
be a consequence of photocorrosion but instead may serve as a key intermediate step in the
photocorrosion of BiVO,4.°* In other words, the loss of V3" may facilitate the photooxidation of
Bi®* and/or lattice oxide ions in BiVO4 by making reorganization around these ions easier. In this
case, preventing V°' leaching may be an effective strategy to slow the rate of BiVOy,
photocorrosion. The authors tested this postulation by using a V>'-saturated electrolyte, which
can suppress V> leaching by Le Chételier’s principle, and demonstrated stable generation of a
photocurrent density of 3.2 mA/cm? at 0.6 V vs. RHE in pH 9 borate buffer over 450 hours
(Figure 17b).%
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Figure 17. (a) J-t plot of BiVO, for sulfite oxidation at 0.6 V vs. RHE in pH 9 borate buffer containing
0.7 M Na,SOs;. The slight photocurrent decrease observed over time was not due to photocorrosion but
due to the depletion of sulfite. When the electrolyte was replenished at 200 h and 300 h, the photocurrent
increased to its initial level. (b) J—t plot of the BiVO,/FeOOH/NiOOH film in a V>*-saturated pH 9 borate
electrolyte at 0.6 V vs. RHE. Unlike the sulfite measurement where the electrolyte was replaced only
twice over 500 h, the electrolyte was replenished every 24 h to maintain a constant photocurrent level. All
measurements were performed under AM 1.5G illumination. Adapted with permission from Ref. 94.
Copyright 2018 Macmillan Publishers Limited, part of Springer Nature.

Another major research focus for BiVO4 has been to extend its chemical stability to
higher pH conditions using protection layers. The use of a strongly basic solution eliminates the
need for buffers and can help BiVO, to be paired with a broad range of photocathodes. ALD is
one of the most commonly used methods to deposit a protection layer on BiVO,.!4% 141 For
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example, Lewis and co-workers deposited an amorphous 1 nm-thick TiO, layer on a flat BiVO,
film using ALD.' The resulting BiVO,/TiO,/Ni OEC photoanode generated a stable
photocurrent density of 1.3 mA/cm? at 1.23 V vs. RHE for 2 hours in pH 13 KOH. Choi and co-
workers demonstrated the use of ZnFe,Oy as a protection layer® that can also provide additional
photon absorption. They deposited the ZnFe,O,4 layer on the BiVO, surface by photodeposition
of FeOOH followed by drop-casting an aqueous Zn(NOs); solution and annealing. This resulted
in a 10 nm-thick ZnFe,O, layer conformally coated on a nanoporous BiVO, photoanode. When
Co*" was adsorbed on the BiVO,/ZnFe,O, photoanode surface to serve as an OEC, a stable
photocurrent of 2.5 mA/cm? was obtained at 1.23 V vs. RHE for 1 hour in pH 13 KOH.

More recently, Choi and co-workers demonstrated the use of an electrodeposited TiO,
layer as an excellent protection layer for BiVO,.!4? Compared with ALD, electrodeposition is
inexpensive, easily accessible, and fast (e.g. less than 1 min to deposit a 5 nm-thick TiO, layer).
The excellent conformal nature of the electrodeposited TiO, coating layer was confirmed by
comparing the chemical stability of BiVO, with and without the TiO, layer immersed in pH 12
solution for one month. (Figure 18) The BiVO, of the BiVO,/TiO, electrode showed no change
in crystallinity while the unprotected BiVO, electrode showed signs of dissolution and loss of
crystallinity.
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Figure 18. (a) A high-resolution transmission electron microscopy (HRTEM) image of a BiVO,/TiO,
film. XRD patterns of (b) BiVO, and (c) BiVO,/TiO, electrodes before (black) and after (red) 30 days of
immersion in pH 12 phosphate buffer. Adapted with permission from Ref. 142. Copyright 2018 American
Chemical Society.

The authors also reported that the BiVO,/Ti0, electrode showed photoelectrochemical
stability for sulfite oxidation (Figure 19a) but not for water oxidation at 0.6 V vs. RHE in pH 12
phosphate buffer for 40 hours. Therefore, the chemical stability gained by the addition of TiO,
was sufficient to achieve stable photoelectrochemical sulfite oxidation but not stable
photoelectrochemical water oxidation. As we explained above, the solubility of BiVO, when
holes have accumulated at the surface is not the same as the solubility of BiVO, in the dark.
Therefore, to ensure the photostability of BiVO,/TiO, for water oxidation, the addition of an
OEC that can prevent the accumulation of holes on the BiVO, surface is critical. Indeed, the
authors demonstrated that a stable photocurrent density of 1.6 mA/cm? could be achieved at 0.6
V vs. RHE in pH 12 phosphate buffer for 20 h when the BiVO,/TiO, electrode was combined
with a FeOOH/NiOOH OEC (Figure 19b).
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Figure 19. (a) J-t plots at 0.6 V vs. RHE of BiVO, (black) and BiVO4/TiO, (red) electrodes for sulfite

oxidation measured in pH 12 phosphate buffer containing 1 M Na,SOs. (b) J-t plots at 0.6 V vs. RHE of

BiVO,/FeOOH/NiOOH (green) and BiVO4TiO»/FeOOH/NiOOH (blue) electrodes for water oxidation

measured in pH 12 phosphate buffer. All measurements were obtained under AM 1.5G illumination.

Adapted with permission from Ref. 142. Copyright 2018 American Chemical Society.

Light Management Another important factor to consider in further improving
photocurrent generation by a photoelectrode is light management that can increase photon
absorption. Pilosh and co-workers demonstrated that the insertion of a thin Pt layer between two
indium-doped tin oxide (ITO) layers (i.e. glass/ITO/Pt/ITO) increased light absorption through
reflection of light off the Pt layer.'** Cui and co-workers demonstrated that using a cone-shaped
S10,/Pt/SnO, substrate increased light absorption by Mo-doped BiVO, by offering multiple light
scattering in the nanocone structure while simultaneously enhancing bulk charge separation.”
(Figure 20) The resulting nanocone Mo-doped BiVO, generated a photocurrent for sulfite
oxidation of 6.05 £ 0.3 mA/cm? at 1.23 V vs. RHE (0.5 M Na,SOs, pH 7 phosphate). For
comparison, a flat Mo-doped BiVO, film with the same thickness (700 nm) generated a
photocurrent of 2.93 £ 0.12 mA/cm? at the same potential. When combined with a
FeOOH/NiOOH OEC, nanocone Mo-doped BiVO, generated a photocurrent for water oxidation
of 5.8 mA/cm? at 1.23 V vs. RHE in pH 7 phosphate buffer. This is one of the best performances
reported for BiVO, to date. This result shows the importance of optimizing light management to
maximize the performance of each photoanode.
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Figure 20. (a) Synthesis process for BiVO, deposited on SiO, nanocone arrays. (b) SEM image of
SiO,/Pt/SnO, nanocone arrays and (c) cross-sectional SEM image of Mo-doped BiVO, on the
Si0,/Pt/SnO, nanocone substrate (scale bars = 500 nm), (d) J-V plots of the nanocone Mo-doped BiVO,
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films in pH 7 phosphate buffer under AM 1.5G illumination. Adapted with permission from Ref. 93.
Copyright 2016 American Association for the Advancement of Science.

The progress made in the past five years in understanding and improving BiVO,
photoanodes has been truly impressive and has led to the achievement of a photocurrent density
for water oxidation as high as ~6 mA/cm? at 1.23 V vs. RHE (Table 4). The fundamental
limitation of using BiVO, as a photoanode is its relatively wide bandgap. When BiVOQ, is used in
a PEC composed of a photoanode and a photocathode in tandem, the bandgap of BiVOy, is too
wide to achieve a STH efficiency > 10%.!'%+146 However, we note that a photoanode can be
composed of more than one photon absorber; BiVO,4 can be coupled with one or more smaller
bandgap n-type semiconductors. Since there is no other photoanode developed to date that can
achieve a nyp of close to 100 % like BiVO,, keeping BiVO, as one of the photon absorbers in
the photoanode will allow for the most efficient utilization of photons with energy > 2.4 eV and
can result in a higher photocurrent than that achieved by the smaller bandgap photoanode alone.
This postulation is well-supported by a recent study by Lee, van de Krol, and co-workers where
BiVO, and Fe,O; were used as dual photoanodes.?’ Although Fe,O; possesses a much smaller
bandgap than BiVO, and should ideally utilize all photons that can be utilized by BiVO,, the
combination of BiVO, and Fe,O3; photoanodes resulted in a higher photocurrent density than that
demonstrated by Fe,O; alone (Figure 21). Designing optimum multilayer photoanodes
containing BiVOy should be one focus of future research to achieve a PEC with a STH efficiency
> 10%.
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Figure 21. J-V plots of BiVO,, Fe,03, and BiVO,||Fe,03, where BiVO, and Fe,O; are used as dual
photoanodes, intersected with J-V plots of two serially connected c-Si solar cells in pH 9 carbonate buffer
under AM 1.5G illumination. The c-Si solar cells were placed behind the photoanodes. Adapted with
permission from Ref. 20. Copyright 2016 Macmillan Publishers Limited, part of Springer Nature.

3-4. Other Metal Vanadates

Copper Vanadates Copper vanadates have recently received growing attention as photoanode
candidates for water splitting PECs. Neale and co-workers first investigated y-Cu;V,0g as a
photoanode in 2015.'47 An aqueous precipitation reaction was used to form Cus3V,0,(OH),-2H,O
followed by dip-coating onto FTO and annealing to form y-Cu;V,0g The resulting films were
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composed of interconnected nanoparticles with diameters of ~20 nm. They demonstrated a
photocurrent for water oxidation of 10 pA/cm? at 1.23 V vs. RHE and a photocurrent for sulfite
oxidation of 100 uA/cm? at 1.0 V vs. RHE in pH 9.2 borate buffer. The hole diffusion length of
v-Cu3V,0g has been measured to be ~20 - 40 nm.!*8 High-throughput screening studies of the
CuO-V,0s5 phase space have reported several additional copper vanadate phases with bandgaps
of ~2 GV.149’ 150 Oof these, (X-CUV206, B-CUQV207, y-CuszOg, CU11V6026, and CllsVzOl() have
been systematically investigated as photoanodes for solar water splitting.!47- 148, 151-156 A[] of these
copper vanadate compounds commonly show a bandgap in the range of 1.8 — 2.0 eV, which is
favorable for utilizing a significant portion of visible light. However, the water oxidation
photocurrent for this class of compounds remains below 100 pA/cm? at 1.23 V vs. RHE,
regardless of the phase or electrode preparation conditions.

One strategy that has been used to improve the photocurrent generation of copper
vanadate photoanodes is Mo and W doping into the V-site. Doping that substitutionally replaces
V>* ions with Mo® or W' ions in ternary vanadate oxides, such as BiVO,, has been shown to
effectively increase the carrier densities of the host oxide materials.!!% 157 For example, Neale
and co-workers showed that Mo doping of y-Cu3;V,0g increased the photocurrent density for
water oxidation from 10 pA/cm? to 25 pA/cm? at 1.23 V vs. RHE and for sulfite oxidation from
100 pA/cm? to 180 pA/cm? at 1.0 V vs. RHE in pH 9.2 borate buffer.'4” The authors confirmed
that the increase in photocurrent was due to an increase in the carrier density as observed by
Mott-Schottky analysis. However, Mo doping did not shift the photocurrent onset potential for
either water or sulfite oxidation.

Choi and co-workers prepared Mo-doped and W-doped Cu;;V¢Oy6 using nanofibrous
CuO films as precursor films'*® and annealing with a VO(acac), solution containing Mo or W
precursors.!> Dopant atom incorporation was confirmed by slight peak shifts in the XRD
patterns to lower two theta values. Mott-Schottky analysis was also used and a decrease in the
slope and a shift in the Epg to the negative direction was observed for both Mo and W doping,
indicating an increase in the carrier concentration (Epgs: Cu;;V¢Oy6 = 0.64 — 0.73 V vs. RHE,
Mo:Cu;1V¢Os6 = 0.51 — 0.60 V vs. RHE, W:Cu;1V¢O,6 = 0.51 — 0.60 V vs. RHE). An example
of the photocurrent enhancement observed for sulfite oxidation in pH 9.2 borate buffer after
doping of Cu;1V¢Oy is shown in Figure 22. The highest photocurrent density seen in this study
was achieved by the optimally doped W:Cu;; V4O film and reached a value of 70 uA/cm? for
water oxidation at 1.23 V vs. RHE and 145 pA/cm? for sulfite oxidation at 1.0 V vs. RHE in pH
9.2 borate buffer. In addition to this enhancement, W doping caused a shift in the onset potential
from 0.99 to 0.87 V vs. RHE for water oxidation and 0.65 to 0.58 V vs. RHE for sulfite
oxidation (inset Figure 22), which agrees well with the Mott-Schottky results.
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Figure 22. Chopped light J-V scans for pristine (black), Mo-doped (blue), and W-doped (red) Cu;;V¢Oys
for sulfite oxidation in pH 9.2 borate buffer under AM 1.5G illumination. The inset shows the
photocurrent obtained by sweeping the potential from the open circuit potential (OCP) under illumination
to the negative direction to accurately determine the photocurrent onset potentials. Adapted with
permission from Ref. 155. Copyright 2017 American Chemical Society.

As there are many different copper vanadate phases that exist, Gregoire and co-workers
investigated the effect of the Cu:V ratio on the chemical, electrochemical, and
photoelectrochemical stabilities of copper vanadates. They sputter coated libraries with the
composition Cu;,V,0,, with x ranging from 0.1 to 0.75.15° The authors performed chemical (48
hour soak), electrochemical (2 hours of operation at 1.23 V vs. RHE), and photoelectrochemical
(40 minutes of operation at 1.23 V vs. RHE under AM 1.5G illumination) stability tests in pH
9.2 borate buffer. They found that all phases with x < 0.67 were chemically stable and all phases
with x < 0.57 were electrochemically stable under these conditions. This means that all phases
discussed above, excluding a-CuV,0g, should be both chemically and electrochemically stable in
pH 9.2 solution. Photoelectrochemical stability tests were performed for all phases with x < 0.5
and the results showed that that the phases with a higher Cu:V ratio (e.g. Cu;;V¢Oy6 and v-
Cu;3V,0g4) appeared to be more photostable. Indeed, Sharp and co-workers showed stable
photocurrent generation of ~65 pA/cm? at 1.23 V vs. RHE in pH 9.2 borate buffer for water
oxidation for more than 20 h using y-Cu3V,0ys prepared by reactive co-sputtering.!#® In addition,
Choi and co-workers showed that Cu;;V¢O,4 can be operated even in pH 13 KOH solution for 2
hours at 1.4 V vs. RHE without significant photocurrent decay, which is impressive for a V-
containing photoelectrode. !>

Recently, Sharp and co-workers also performed a systematic investigation to elucidate
the effects of the varying Cu and V stoichiometries on the photoelectrochemical properties of
copper vanadates using B-Cu,V,07, y-Cu3V,0s, Cu;VsOy6, and CusV,0q electrodes prepared
by reactive co-sputtering.!® They first measured the performance of copper vanadate
photoelectrodes for sulfite oxidation in pH 9.3 borate buffer and found that the phases with the
highest Cu:V ratio (e.g. CusV,0;¢) showed the highest photocurrent generation. They determined
that CusV,0,o had the highest absorption coefficient and the highest IPCE and APCE values for
sulfite oxidation. (IPCE = 7% and APCE = 10% at 350 nm and 1.23 V vs. RHE). These results
indicate that the phases with a higher Cu:V ratio exhibit better photon absorption and charge
separation properties.

Although copper vanadate photoanodes represent an interesting class of materials to
study because of the rich Cu-V-O phase space that exists, they appear to commonly suffer from
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serious bulk recombination judging from their very low photocurrent generation. Another critical
limitation of this class of compounds appears to be their extremely positive photocurrent onsets
for water oxidation. The most negative onset potential achieved for water oxidation by a copper
vanadate photoanode to date is only 0.82 V vs. RHE using 3% W-doped Cu;;VgOy.1>°
Additionally, the Egg of this photoelectrode is the most negative reported to date but still lies at
0.58 V vs. RHE, even after optimum doping levels were achieved for maximum photocurrent
generation. This suggests that the Egg positions of copper vanadates may be fundamentally
limited by their CBM positions, which will prevent copper vanadate photoanodes from achieving
considerable photovoltages for water oxidation. Accurate measurements of the CBM positions of
copper vanadates would be useful to determine their viability as photoanodes for solar water
splitting.

Iron Vanadates There are several polymorphs of iron vanadate with the formula FeVO,
but triclinic FeVOy, is the only phase that can form under ambient conditions. The potential of
triclinic FeVO, as a photoanode was first reported from a high-throughput screening study
performed in 2007 by Sayama and co-workers.!®® Although FeVO, has a chemical formula
reminiscent of BiVQy, it is has a distinctly different crystal structure from that of BiVO,. For
example, while Bi in BiVO, is coordinated by 8 oxygen atoms, Fe in FeVO, is coordinated by
either 5 or 6 oxygen atoms.!!% 161 The bandgap of FeVOy is ~2.0 eV,192-166 which is smaller than
that of BiVO,. However, similar to the copper vanadate family discussed above, the most
negative Egp reported for FeVO, to date is ~700 mV below the water reduction potential,'%
which limits the maximum photovoltage achievable by this compound for water oxidation to
~500 mV. This suggests that the smaller bandgap of FeVO, is most likely caused by the very
positive position of its CBM, which is not favorable for achieving a high STH efficiency.

To date, the photocurrent reported for FeVO, remains quite low, and substitutional
doping into the V-site has been investigated as one possibility to improve the photocurrent
generation, as discussed for copper vanadates and BiVO, above. Baeg and co-workers compared
FeVO, and 5% W-doped FeVO, electrodes prepared by spin-coating metal-organic precursors
onto FTO substrates followed by thermal annealing.'®> The incorporation of W into the lattice
was confirmed by a slight shift of the main XRD peak to a lower two theta value due to the
larger ionic radius of W% compared to V3'. The pristine film showed a photocurrent generation
of 50 pA/cm? for water oxidation at 1.23 V vs. RHE in pH 7 phosphate buffer, which was
increased to 100 pA/cm? for the W-doped film. The onset for photoelectrochemical water
oxidation for both samples was ~0.7 V vs. RHE. The enhancement in the photocurrent implies an
increase in the carrier density after doping; however, Mott-Schottky analysis was not performed
to confirm this. IPCE of the W-doped sample was also measured and reached a maximum value
of 6.5% at 400 nm with an applied bias of 1.7 V vs. RHE in the same solution.

In addition to doping, the synthesis of nanoporous FeVO, electrodes has been
investigated as a strategy to try to shorten the charge extraction path length.!** A nanoporous
FeVO, film was prepared by a drop-casting method with the addition of citric acid to facilitate
the formation of pores. SEM images of the films after annealing revealed interconnected
nanoparticles with a diameter of ~50 - 100 nm and a pore size of ~50 - 200 nm. The nanoporous
FeVO, photoelectrode showed a photocurrent for water oxidation of 100 uA/cm? at 1.23 V vs.
RHE (pH 7 phosphate buffer), which is higher than the photocurrent generated by undoped
FeVO, photoanodes prepared by other methods but still remains low.
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Most recently, Abdi and co-workers performed in-depth studies on pristine and Mo-
doped FeVO, photoanodes to determine the origin of this low photocurrent generation.'® FeVOy,
and Mo-doped FeVO, films were prepared by spray pyrolysis onto FTO followed by annealing
in air. SEM images revealed densely packed particles with a diameter of ~500 nm. The thickness
of the films was varied from 25 - 800 nm and films with a thickness of 200 - 400 nm were found
to generate the highest photocurrent. Moving forward, all samples discussed will be 200 nm-
thick samples. The Mo-doped samples showed slight shifts in their XRD peaks to lower two
theta values, indicating that Mo®" was indeed incorporated into the lattice. The authors
determined that the 2% Mo-doped sample showed the highest photocurrent generation (Figure
23), and Mott-Schottky analysis revealed a decrease in the slope of this sample compared to that
of the undoped sample, indicating an increase in the carrier concentration. However, the Eggs of
both pristine and 2% Mo-doped samples were equal at 0.7 V vs. RHE. By comparing the
photocurrent for sulfite oxidation and water oxidation, the authors determined that Mo doping
increased T, from 2% to 2.5% at 1.6 V vs. RHE. In addition, n, for water oxidation at 1.6 V vs.
RHE was found to increase from 80% to 100% after Mo doping. These results show that severe
bulk recombination is one of the major limitations of FeVO, and the improvement in m, that
resulted from Mo doping was negligible. The maximum IPCE achieved by the pristine and Mo-
doped FeVO, films for water oxidation at 1.6 V vs. RHE in pH 7 phosphate buffer were 2% and
8%, respectively, at 375 nm. The authors also used TRMC to determine the carrier transport
properties of FeVO, and Mo-doped FeVO,. They found a hole mobility of 4.6 x 105 cm? V-! s
for their pristine sample and 1.3 x 104 cm? V-! s'! for their 2% Mo-doped sample. The hole
diffusion length was determined to be ~2 nm for the undoped sample and ~7 nm for the Mo-
doped sample. The extremely short diffusion length of FeVO, also suggests that improving bulk
separation by nanostructuring may be difficult.
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Figure 23. Chopped light J-V plots of undoped and Mo-doped FeVO, for water oxidation in pH 7
phosphate buffer under AM 1.5G illumination. The inset shows the change of the current density with the
Mo doping level at 1.8 V vs. RHE. Adapted with permission from Ref. 165. Copyright 2018 The Royal
Society of Chemistry.

While triclinic FeVO, is the most well-studied iron vanadate phase, there are a few other
iron vanadates that have been investigated as photoanodes (e.g. Fe;VOy4, FeV,0,, Fe,V4013).167
168 Among these compounds, we note that Fe;VO, and FeV,04 contain reduced iron and
vanadium species (Fe?*, V3%, and V#*) that may not be stable during photoelectrochemical water
oxidation. Therefore, their photostabilities need to be investigated carefully. Indeed,
Bhattacharya and co-workers performed J-t scans for water oxidation in pH 7 phosphate buffer at
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1.6 V vs. RHE and observed that FeVO,, Fe,VO,, and FeV,0, all showed significant
photocurrent decay after 30 minutes of testing.'¢’

The studies reported so far indicate that iron vanadates commonly suffer from extremely
short hole diffusion lengths and severe bulk recombination. Successful atomic doping that can
result in a considerable increase in mg, of iron vanadates has not yet been demonstrated.
Nanostructuring may be one strategy to alleviate the low photocurrent generation caused by
extremely short hole diffusion lengths. However, another fundamental limitation for iron
vanadates is their Epg positions that remain very positive (> 0.5 V vs. RHE) even with doping.'®>-
168 This suggests that iron vanadates will have the same challenges as copper vanadates for use as
photoanodes in a water splitting PEC.

3-5. Others

Fe,TiOs Fe,TiOs has a narrow bandgap of 2.0 — 2.1 eV,'9%-171 is composed of cheap and
abundant materials, and exhibits chemical stability in neutral and basic conditions (pH 7 - 14).17>
174 Various techniques such as single crystal growth by the Czochralski method,!”® 72 dip-
coating sol-gel precursors,!”> 75 solvothermal synthesis,!”! and template-based methods using
polystyrene opals'®® or aluminum oxide templates'’® have been used to make Fe,TiOs thin films.

Compared with TiO,, the bandgap of Fe,TiOs is significantly smaller. While the bandgap
of Fe,TiOs is comparable to that of Fe,O3;, the CBM and VBM of Fe,TiOs are believed to
straddle the water reduction and oxidation potentials, making Fe,TiO5 more suitable than Fe,O;
for solar water splitting applications (Figure 24).171, 175,177 178
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Figure 24. Band energy diagrams for TiO,, Fe,TiOs, and Fe,O;. Adapted with permission from Ref. 178
Copyright 2017 The Royal Society of Chemistry.

Lee and co-workers showed that Fe,TiOs can produce a photocurrent for water oxidation
as high as 0.93 mA/cm? at 1.23 V vs. RHE in 1 M NaOH after optimization of synthesis
conditions and the addition of appropriate underlayers and catalysts.!”® The authors prepared a
nanotubular Fe,TiOs film by a spin-coating method using porous alumina as a hard template. The
alumina template was removed after the synthesis by dissolution in 0.25 M NaOH. The authors
determined that the optimum wall thickness of the Fe,TiO5 nanotubes was 10 — 15 nm, and an
increase in the wall thickness to 20 — 25 nm resulted in a decrease in photocurrent. This suggests
that Fe,TiOs suffers from a short carrier diffusion length like Fe,O; and other Fe-containing
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oxide-based photoanodes. The as-prepared nanotubular Fe,TiOs electrode showed a photocurrent
density for water oxidation of 0.34 mA/cm? at 1.23 V vs. RHE with a photocurrent onset
potential of 0.8 V vs. RHE (Figure 25a). To further increase the photocurrent, the authors added
a TiO, underlayer between the Fe,TiOs nanotubes and the FTO substrate. The TiO, layer can
serve as a barrier to block electron injection from FTO to the electrolyte, which can occur when
the FTO substrate is in direct contact with the electrolyte.!” When photoexcited electrons are
consumed on the FTO substrate of the photoanode, it is equivalent to the loss of charge carriers
by recombination. Furthermore, since the VBM of TiO, is below that of Fe,TiOs, TiO, can serve
as a hole blocking layer that prevents the injection of holes from the VBM of Fe,TiOs to FTO,
suppressing recombination loss at the FTO/Fe,TiOs interface.!®® The addition of the TiO,
underlayer resulted in a negative shift of the onset potential by 200 mV and a slight enhancement
of the photocurrent (Figure 25a).

Lee and co-workers also treated their Fe,TiOs with H, at 300 °C for 4 h to increase the
donor density by creating oxygen vacancies, which was confirmed by Mott-Schottky analysis.!®
The Hj-treated sample showed an improvement in photocurrent generation in the high bias
region (> 0.95 V vs. RHE) resulting from improved electron-hole separation. Finally, a FeNiOy
OEC was deposited to facilitate hole transfer for water oxidation.!”® With all of these
modifications combined, the resulting TiO,/H,-treated Fe,TiOs/FeNiO, photoanode demonstrated
a significantly improved photoelectrochemical performance for water oxidation with an onset
potential of 0.5 V vs. RHE and a photocurrent of 0.93 mA/cm? at 1.23 V vs. RHE. Additionally,
this photoelectrode demonstrated stable photocurrent generation for water oxidation over 2.5 h at
1.23 V vs. RHE (Figure 25b). We note that the Egg of this nanotubular Fe,TiOs film determined
by Mott-Schottky analysis was between 0.3 and 0.45 V vs. RHE, which is far below its reported
CBM.!7¢ This suggests that atomic doping that can further increase the carrier density and raise
the Egg may further improve its performance.
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Figure 25. (a) J-V plots and (b) J-t plots of Fe,TiOs nanotube arrays on FTO substrates with different
modifications: pristine Fe,TiOs on FTO (blue); Fe,TiOs with a TiO, underlayer (green); H,-treated
Fe,TiOs (purple); and combined TiO, underlayer, H, treatment, and cocatalyst (FeNiO,) modified
Fe,TiOs (red). Adapted with permission from Ref. 176 John Wiley & Sons. Copyright 2017 WILEY-
VCH Verlag GmbH & Co. KGaA, (c) J-V plots of pristine (red) and SnO; treated (blue) Fe,TiOs films.
Adapted with permission from Ref. 171. Copyright 2014 American Chemical Society. All measurements
were performed in 1 M NaOH under AM 1.5G illumination.

Another strategy to improve the performance of Fe,TiOs was reported by Wong and co-

workers.!”! In this study, a porous Fe,TiOs film with a particle size of 30 — 50 nm was prepared
by solvothermal synthesis. An extremely thin layer of SnO4 was then coated on top of the
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Fe,TiOs film by drop-casting an aqueous SnCl,-5H,O solution and annealing in air at 750 °C for
20 min. The authors reported that the presence of SnOy on the surface of Fe,TiOs effectively
passivated existing surface states and significantly increased the photocurrent by reducing
surface recombination (Figure 25¢). For example, after the SnO, treatment, the photocurrent for
water oxidation increased from 0.1 mA/cm? to 0.36 mA/cm? at 1.23 V vs. RHE in 1 M NaOH.

The highest performing Fe,TiOs photoelectrode reported to date was prepared by
cathodic electrodeposition of Fe(OH); on a vertically aligned nanotube array of TiO, followed
by annealing in air at 550 °C for 2 h.!8! Although Fe,TiOs was deposited as an extremely thin
layer (2 — 3 nm) (Figure 26a), the high surface area of the TiO, nanotubes (tube length of 7.8
um, tube wall thickness of 10 nm, and pore size of ~50 nm) (Figure 26b) resulted in considerable
photon absorption by Fe,TiOs. At the same time, the use of a thin Fe,TiOs layer reduced the
distance that holes and electrons need to travel, significantly decreasing bulk recombination.
Since the VBM of Fe,TiOs lies above that of TiO,, TiO, can serve as a hole blocking layer while
also efficiently transferring any photogenerated holes from TiO, to the Fe,TiOs layer. The CBMs
of TiO, and Fe,TiOs are comparable (~0 V vs. RHE), and it appears that electron injection from
the Fe,TiOs layer to TiO, occurred without any problem. After the addition of a Co-based OEC,
which was denoted as Co,y in their study, an impressive photocurrent for water oxidation of 4.1
mA/cm? at 1.23 V vs. RHE was achieved in 1 M KOH solution by the Fe;TiOs-TiO,/Coyyx
photoanode (Figure 26c). The TiO, nanotube arrays contributed a photocurrent of only 0.8
mA/cm? at this potential, meaning that the Fe,TiOs layer was responsible for generating an
additional 3.3 mA/cm?. Furthermore, APCE spectra of Fe,TiOs5-TiO,/Co,, confirmed that
photons absorbed by Fe,TiOs were effectively utilized in this system for photocurrent generation.
The Fe,TiOs-TiO,/Co, photoanode also demonstrated photostability; it maintained a
photocurrent density of 3 mA/cm? at 0.4 V vs. RHE for 2 h (Figure 26d).
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Figure 26. (a) SEM and (b) HRTEM images of a Fe,TiOs-TiO,/Co,, nanotube array (scale bars: 200 nm,
100 nm, and 5 nm for a, inset of b, and b, respectively). (c) J-V plots (solid lines) for pure Fe,O; (dark
grey), pure TiO, (black), TiO,/Co,, (green), Fe,TiOs-TiO, (light grey), and Fe,TiOs-TiO,/Co,, (red).
Dashed lines denote dark current. (d) J-t plot for the Fe,TiOs-TiO,/Co,, photoanode measured at 0.4 V vs.
RHE in 1 M KOH under AM 1.5G illumination. Adapted with permission from Ref. 181. Copyright 2015
Macmillan Publishers Limited, part of Springer Nature.
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There have also been several studies using Fe,TiOs as an additional layer on Fe,O;
photoanodes.!74 177. 178, 182, 183 Although Fe,TiOs cannot enhance the photon absorption of Fe,O3
because Fe,TiOs and Fe,O5 have similar bandgaps, the formation of the Fe,TiOs/Fe,O; junction
has been shown to improve electron-hole separation in both layers. This is because the CBMs
and VBMs of these two compounds are aligned such that holes move toward the Fe,TiOs layer
while electrons move toward the Fe,Oj3 layer.!74 177. 178,183 For example, Kaunisto and co-workers
used transient absorption spectroscopy to observe a slower decay of long-lived hole signals when
Fe,TiOs was present as a top layer on Fe,Os; compared to Fe,O; alone.!®® These long-lived
surface holes resulted in an increase in photocurrent for water oxidation obtained in 0.1 M NaOH
from ~0.02 mA/cm? by Fe,O; to ~0.75 mA/cm? by Fe,TiOs/Fe,0; at 1.23 V vs. RHE. In this
study, the authors prepared the Fe,TiOs shell on the Fe,O3 core by mixing Fe,O; and TiO,
nanoparticles, spin-coating onto a FTO substrate, and annealing at 680 °C in air. The
Fe,TiO5/Fe,O3 composite prepared with 15 molar-% TiO, showed the best improvement of the
photocurrent without forming a segregated TiO, phase.

Schmuki and co-workers reported that another possible advantage of using a Fe,TiOs
overlayer on Fe,Oj3 is to decrease surface recombination.'®? The authors thermally oxidized Fe
foil to produce Fe,O3 nanoflakes followed by sequential immersion in a Fe(NO3); solution and a
TiCl; solution. These films were then annealed in air at 850 °C for 1 min to form an Fe,TiOs
overlayer. From HRTEM images, the formation of a 10 — 15 nm-thick Fe,TiOs coating layer was
confirmed. The authors showed that the addition of the Fe,TiOs overlayer resulted in a decrease
in the transient photocurrent observed in the J-V plots for water oxidation, an increase in
photocurrent (from 0.22 mA/cm? to 0.78 mA/cm? at 1.23 V vs. RHE), and a cathodic shift of the
onset potential compared to pristine Fe;Os3 (from 0.7 to 0.62 V vs. RHE) in 1 M KOH.!84 The
authors also observed a decrease in the semiconductor-electrolyte charge transfer resistance
when Fe,TiOs was present. They concluded that all observed changes were caused by Fe,TiOs
serving as a surface passivation layer.

Judging from the band positions and photoelectrochemical performances demonstrated
thus far, it appears that Fe,TiOs is one of the most promising photoanode candidates among the
Fe-containing oxides. Although it suffers from bulk recombination, a considerable amount of
photocurrent was generated when Fe,TiOs was deposited as a thin layer on a high surface area,
wide-bandgap substrate. Its chemical and photoelectrochemical stability in strong base (e.g. pH
14) is also attractive. However, very few studies have been performed to optimize Fe,TiOs
electrodes using atomic doping to move its Epg closer to its reported CBM. Various strategies
that have been used for the development of Fe,O; and other ferrite electrodes may also be used
to further improve the photoelectrochemical properties of Fe,TiOs.

SnNb,O¢ SnNb,Og is an n-type semiconductor with a bandgap of 2.3 — 2.6 eV.18>-187 The o'!
of SnNb,Og is reported to be 500 nm at A = 450 nm, which compares favorably with other oxide-
based photoelectrode materials.!®® SnNb,Og has been primarily investigated as a visible light
photocatalyst for H, evolution in the presence of a hole acceptor (e.g. methanol or lactic acid) or
for O, evolution in the presence of an electron acceptor (e.g. AgNQ;).81 82, 185, 189-191 Thege
studies confirm that the CBM and VBM positions of SnNb,O4 can enable the utilization of
photogenerated holes and electrons for water reduction and oxidation, respectively. The bandgap
of SnNb,O¢ is comparable to that of BiVO,, but the band positions of SnNb,O4 are
thermodynamically more suitable for photoelectrochemical water splitting than those of
BiVO4.81’ 192
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One critical issue in the synthesis of SnNb,Og is control of the oxidation state of Sn ions.
Like 0-SnWO,, Sn in SnNb,Oy exists as Sn?*. This provides a challenge during the synthesis
because Sn?* in Sn?*-containing oxides can easily be oxidized to Sn*" when heated in the
presence of oxygen.!”> SnO is also known to disproportionate into Sn** and Sn° at high
temperature even when an inert atmosphere is used.!?> This can affect the synthesis of SnNb,Og
when SnO is used as a precursor. Since the presence of Sn*' ions or Sn*'-containing impurity
phases may serve as defect sites that can increase electron-hole recombination in SnNb,Og, the
synthesis of SnNb,Og using a mild temperature and an inert environment is preferable. For
example, Takanabe and co-workers used XPS and Auger spectroscopy to show that SnNb,Og
prepared by flux-assisted synthesis at 600 °C in a N, environment contained a smaller amount of
Sn** compared to SnNb,Og prepared by solid state synthesis at 800 °C in a N, environment.3?
Kudo and co-workers used thermogravimetric analysis (TGA) to compare the formation of Sn**
in SnNb,Og and SnO. Since the oxidation of Sn*" to Sn*" in air involves the incorporation of
oxygen, an increase in weight will be observed if this oxidation occurs.®! Their result showed
that considerable oxidation of Sn?" in SnO occurs at ~500 °C, but considerable oxidation of Sn**
in SnNb,O¢ does not occur until ~800 °C. This result indicates that once Sn?" is stabilized in the
SnNb,Og lattice, Sn?" is more stable against thermal oxidation. This result also suggests that
developing a synthesis method to form SnNb,Og4 at a lower temperature and then performing
subsequent annealing at a higher temperature when necessary (e.g. to improve crystallinity) will
be a more effective strategy to decrease the formation of Sn**.

Despite the attractive bandgap and band positions of SnNb,Og SnNb,Og did not receive
great attention as a photoanode candidate until 2017 when Kudo and co-workers reported the
first successful investigation of its photoelectrochemical properties.'8¢ In this study, the authors
prepared SnNb,Og particles through the reaction of a Na,Nb,O4-H,O precursor with molten
SnCl, at 500 °C in a N, atmosphere followed by an additional annealing step at 900 °C in a N,
atmosphere. The authors then used the particle transfer (PT) method to fabricate SnNb,Og
photoanodes.!®* Using this method, the SnNb,Og powder was first drop-casted onto a glass
substrate. Then, a Ti contact layer was deposited on top of the powder by thermal vapor
deposition to form an ohmic contact with SnNb,Og. A conductive Sn layer was then deposited on
the Ti contact layer using vacuum vapor deposition to increase the mechanical strength and
conductivity. The resulting Sn/Ti/SnNb,O¢ sample was bound to a new glass substrate with
carbon tape and was lifted off the original glass substrate. Finally, all loosely bound SnNb,Oq
powder was removed by sonication in water.

The authors subsequently added a CoO, OEC by drop-casting an aqueous Co(NOs),
solution followed by heating at 100 — 500 °C for 2 h in air. The authors stated that the use of an
annealing temperature greater than 200 °C resulted in a drastic photocurrent decrease, which they
postulated may be due to the oxidation of Sn*" to Sn*'. It may also be due to the incorporation of
Co ions into the SnNb,Og lattice, thus creating recombination sites at the SnNb,Os/CoOy
interface.

While the bare SnNb,Og¢ electrode showed negligible photocurrent, the SnNb,Os/CoOy
photoanode generated considerable photocurrent for water oxidation (Figure 27a). For example,
optimum loading of CoO, (0.5 wt%) resulted in a photocurrent density of 1.5 mA/cm?at 1.2 V
vs. RHE (Figure 27b) in pH 9.4 borate buffer. The authors reported the photocurrent onset
potential to be 0.3 V vs. RHE, but the LSV shown in Figure 27a suggests that the onset may be
even more negative than 0.3 V vs. RHE. This means that SnNb,Og4 can provide a photovoltage of
almost 1 V for water oxidation. The SnNb,O4s/CoOx photoanode also showed an excellent fill
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factor and the photocurrent generated in the low bias region was considerable (e.g. 0.8 mA/cm?
at 0.6 V vs. RHE). These results are exciting because such excellent performance in the low bias
region is not common for oxide-based photoanodes. The LSVs shown in Figure 10a resemble
those of early reports of BiVO,, where the electron-hole separation in BiVO, was not
optimized.’¢ 139 Furthermore, the SnNb,O¢/CoOx photoanode showed excellent stability over a
10-hour J-t measurement at 0.6 V vs. RHE in the same solution with a faradaic efficiency close
to 100% for both H, and O, production (Figure 27c). Additionally, the IPCE and applied bias
photon-to-current efficiency (ABPE) at 0.6 V vs. RHE were reported to be 18% and 0.39%,
respectively.

The observation that the addition of an OEC drastically improved the photocurrent
generation by SnNb,Og4 suggests that the bare SnNb,O¢ photoanode suffers from severe surface
recombination and its m,y for water oxidation is extremely low. Thus, bulk recombination in
SnNb,Og may not be as serious as it is in other photoanode materials. This also indicates that the
negligible photocurrent generated by bare SnNb,Og photoanodes reported in other studies!87- 190
195,196 may also be due to the lack of an OEC that can increase the rate of water oxidation to be
faster than that of surface recombination.

We note that the dark current of SnNb,Og prepared by Kudo and co-workers is
negligible, (Figure 27a) indicating that Sn>" in the SnNb,Og lattice is electrochemically stable
between 0 and 1.4 V vs. RHE. The authors mentioned that photooxidation of Sn’** to Sn*' in
SnNb,O¢ can occur during water oxidation by photogenerated holes. However, the authors also
showed that the degree of photooxidation of Sn*" to Sn*" can be suppressed by the presence of a
CoOy OEC that can utilize a greater fraction of surface-reaching holes for the water oxidation
reaction. Lastly, their results showed that although the formation of Sn*" cannot be completely
suppressed, the presence of Sn*" may not be detrimental for the photocurrent generation as long
as SnNb,Oyg 1s coupled with an OEC that can cause the rate of water oxidation to be faster than
the rate of surface recombination.
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Figure 27. (a) J-V and (b) J-t plots at 1.2 V vs. RHE for the bare SnNb,Oq (red) and SnNb,O4/CoO,
photoelectrodes in pH 9.4 borate buffer under AM 1.5G illumination. The CoO, loading amount was
varied from 0.1 - 5.0 wt. %. (c) H, and O, evolution using a three-electrode system composed of a
SnNb,O¢/CoOy (0.5 wt. %) WE, a Pt CE, and an Ag/AgCl RE. The inset shows the photocurrent density

at 0.6 V vs. RHE. Adapted with permission from Ref. 186. Copyright 2017 The Royal Society of
Chemistry.

To better understand the charge transport properties of SnNb,Og, future studies should

include the determination of g, as well as in-depth investigations of the carrier mobility and
carrier diffusion length. The photocurrent of SnNb,Og is expected to be further enhanced with
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composition tuning if challenges related to the suppression of Sn** formation can be successfully
addressed. Adding a surface protection layer that can prevent the formation of Sn*" during
photocurrent generation may also become an effective strategy to improve the
photoelectrochemical properties of SnNb,Og.

4. Summary and Outlook

Compared with our knowledge of ternary oxide-based photoelectrodes ten years ago,
tremendous progress has been made in developing and understanding oxide-based photoanodes
for use in PECs. In this review, we have provided a critical evaluation of ternary oxide-based
photoanodes that have met our selection criteria laid out in the introduction. The results
summarized here clearly show that the performance of most oxide-based photoanodes is limited
by their severe bulk recombination. Therefore, improving the charge transport properties of both
majority and minority carriers to improve bulk separation is the key to improving the
photoelectrochemical properties of oxide-based photoanodes. Atomic doping, defect control
(either generation or suppression), and morphology tuning were discussed as the primary
strategies to improve charge carrier separation. Additionally, multiple studies demonstrated that
a dopant introduced for a certain purpose can affect other properties of the host compound. For
example, a dopant introduced to increase the majority carrier density can either improve or
diminish the minority carrier transport properties, or a dopant introduced to enhance photon
absorption can also improve the mobility of the majority carriers. Therefore, obtaining a
comprehensive understanding of the effects of a dopant and identification of a dopant that can
simultaneously improve multiple properties of a photoanode can offer effective strategies for
atomic doping. Also, while the carrier transport in most oxide-based photoanodes occurs through
small polaron hopping, our understanding of the formation and transport of small polarons is still
very limited. Examples discussed in this review demonstrated that factors that can negatively
affect the carrier transport in a semiconductor whose conduction is through the CB can result in
an increase in the bulk separation efficiency of an oxide-based semiconductor whose transport is
through small polaron hopping. Future studies that can enhance our understanding of small
polaron-based transport and provide rational strategies to further enhance charge transport
properties of oxide-based photoanodes are imperative.

BiVO, stands out from other oxide-based photoanodes due to its unusually high bulk
charge separation efficiency (~100% at 1.23 V vs. RHE). Thus, BiVO, can be used as the
foundation to pursue two different research directions. The first is to obtain a better
understanding of the key features of BiVO, that are responsible for its high bulk separation
efficiency. This knowledge can be used to develop materials with new compositions that can
achieve comparable bulk separation while achieving a lower bandgap energy than BiVO,4. The
second approach is to develop BiVOy-based photoanodes where high surface area BiVO, is
coupled with one or two additional photoanodes that have smaller bandgaps than BiVO,. The
smaller bandgap semiconductors can be deposited as extremely thin layers to maximize their
bulk separation. The use of high surface area BiVO, as the substrate will ensure that even if these
smaller bandgap semiconductors are deposited as extremely thin layers, they can absorb a
sufficient amount of photons to significantly increase the photocurrent generation.

Although many challenges still remain, an increase in the scope of oxide-based materials
that have been investigated and the strategies and knowledge accumulated to overcome their
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limitations will further accelerate the development of oxide-based photoanodes. We would like
to conclude our review by acknowledging the efforts of all the research groups that have made a
significant contribution to the advancement of oxide-based PECs. We wish them the best of luck
in their future studies.
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