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Recent advances in semiconductors for
photocatalytic and photoelectrochemical
water splitting

Takashi Hisatomi, Jun Kubota and Kazunari Domen*

Photocatalytic and photoelectrochemical water splitting under irradiation by sunlight has received much
attention for production of renewable hydrogen from water on a large scale. Many challenges still
remain in improving energy conversion efficiency, such as utilizing longer-wavelength photons for
hydrogen production, enhancing the reaction efficiency at any given wavelength, and increasing the
lifetime of the semiconductor materials. This introductory review covers the fundamental aspects of
photocatalytic and photoelectrochemical water splitting. Controlling the semiconducting properties of
photocatalysts and photoelectrode materials is the primary concern in developing materials for solar
water splitting, because they determine how much photoexcitation occurs in a semiconductor under
solar illumination and how many photoexcited carriers reach the surface where water splitting takes
place. Given a specific semiconductor material, surface modifications are important not only to activate
the semiconductor for water splitting but also to facilitate charge separation and to upgrade the stability
of the material under photoexcitation. In addition, reducing resistance loss and forming p—n junction
have a significant impact on the efficiency of photoelectrochemical water splitting. Correct evaluation of
the photocatalytic and photoelectrochemical activity for water splitting is becoming more important in
enabling an accurate comparison of a number of studies based on different systems. In the latter part,
recent advances in the water splitting reaction under visible light will be presented with a focus on non-
oxide semiconductor materials to give an overview of the various problems and solutions.

e Behaviour of photoexcited carriers during photocatalytic and photoelectrochemical water splitting from a thermodynamic perspective.

o Design concept of non-oxide semiconductors for visible-light-driven water splitting.

o Criteria for evaluating the photocatalytic and photoelectrochemical activity for water splitting.

e Case studies on the effect of cocatalyst loading, reaction conditions, surface modifications, and advanced electrode fabrication on photocatalytic and

photoelectrochemical water splitting, taken from recent research.

1. Introduction

hydrogen from water on a large scale.” ™ Since the discovery of
the Honda-Fujishima effect in the early 1970s, which demon-

Efficient utilization of solar energy could alleviate many energy
and environmental issues, as the solar energy irradiating the
surface of the Earth (1.3 x 10° TW) exceeds the current global
human energy consumption (1.6 x 10" TW in 2010") by roughly
four orders of magnitude. Overall water splitting under sun-
light has received much attention for production of renewable
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strated photo-assisted electrochemical water oxidation on an
n-type TiO single-crystal electrode by band-gap excitation,’
photocatalytic and photoelectrochemical (PEC) water splitting
on semiconducting materials has been studied extensively.
Solar hydrogen will play an important role in prospective
sustainable-energy societies because it is storable, transporta-
ble and can be converted into electricity efficiently using fuel
cells whenever it is necessary. Moreover, hydrogen is applicable
as feedstock in the modern chemical industry and could be
used for recycling of carbon dioxide via chemical processes
such as the Fischer-Tropsch reaction and methanol synthesis.

This journal is © The Royal Society of Chemistry 2014
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The water splitting reaction is an uphill reaction in which
the Gibbs free energy increases by 237 k] mol '. The energy
needed to drive photocatalytic and PEC water splitting is
provided by light or ideally sunlight. Fig. 1 shows the schematic
of the reaction processes of photocatalytic water splitting.®
Electrons and holes are generated inside semiconductor photo-
catalyst particles by band-gap excitation. Photoexcited carriers
are transferred to surface active sites and subsequently con-
sumed by surface redox reactions. Mass diffusion of reactants
and products should proceed concurrently. Recombination of
photoexcited carriers occurs along with these reactions. There-
fore, the charge separation in photocatalyst particles and the
redox reactions on their surface must proceed within the life-
times of photoexcited carriers for successful water splitting.
Note that, in many cases, recombination is the main process
that photoexcited carriers undergo. In order to facilitate the
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Fig. 1 Reaction processes of water splitting on a heterogeneous photo-
catalyst. (a) Light absorption, (b) charge transfer, (c) redox reactions,
(d) adsorption, desorption, and mass diffusion of chemical species, and
(e) charge recombination.® ©2012 The Chemical Society of Japan.

charge separation and surface reaction, photocatalysts and
photoelectrodes are modified with appropriate cocatalysts
and buffer layers.

This review covers the fundamental aspects of photo-
catalytic and PEC water splitting under visible light, focusing
on non-oxide semiconductor materials. First, the behaviour of
photoexcited carriers during photocatalytic and PEC water
splitting is described on the basis of thermodynamics to
provide an overview of the working principle of the reactions.
Secondly, the design concept of non-oxide materials for
visible-light-driven water splitting is reviewed. Then, criteria
for evaluating photocatalytic and PEC activity for water split-
ting are presented, along with technical remarks. Finally,
recent advances in photocatalytic and PEC water splitting
under visible light are described in the context of cocatalyst
loading, reaction conditions, surface modifications, and elec-
trode fabrication processes. Informative review articles on
solar hydrogen production have been published, featuring
78 extensive material development,®>*° !
13 nanostructuring,"* and

reaction systems,
selected promising materials,
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kinetic aspects.’ Readers are encouraged to consult these
references.

2. Thermodynamics of photocatalytic
and photoelectrochemical water
splitting

When a semiconductor absorbs photons with energies higher
than its band gap energy, electrons in the valence band are
excited to the conduction band. As a result, excited electrons
and holes are generated in the conduction and valence bands,
respectively. These photogenerated carriers can drive reduction
and oxidation reactions if the charge injections into the reac-
tants are thermodynamically favourable. To achieve photo-
catalytic water splitting using a single photocatalyst, the band
gap of the semiconductor must straddle the reduction and
oxidation potentials of water, which are +0 and +1.23 V vs.
normal hydrogen electrode (NHE), respectively, when the reac-
tant solution is at pH 0, as shown in Fig. 2a. This is the
principle of one-step water splitting.

View Article Online
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Alternatively, two semiconductors can be connected in series
with reversible redox shuttles (Fig. 2b). In this scheme, the
reduction of water to hydrogen and oxidation of reduced redox
mediators occur on one photocatalyst concurrently with the
reduction of oxidized redox mediators and oxidation of water to
oxygen on the other photocatalyst. This two-step photocatalytic
system is called the “Z-scheme” after photosynthesis in green
plants because of the similarity in the excitation and transfer
processes of photoexcited electrons.® Z-scheme water splitting
proceeds even in the absence of reversible redox shuttles in
some cases because of the interparticle electron transfer during
the physical contact between the hydrogen and oxygen evolu-
tion photocatalysts.

When a semiconductor electrode is immersed in an electro-
Iyte solution, electron transfer takes place between the semi-
conductor and the electrolyte solution so that the Fermi level is
equilibrated with the redox potential of electrolyte solution.'®
An electrolyte solution accepts (donates) electrons from (to) a
semiconductor when the Fermi level of the semiconductor is
more negative (positive) than the reduction potential of the electro-
Iyte solution. Since the density of electrons in a semiconductor is
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Fig. 2 Energy diagrams of photocatalytic water splitting based on (a) one-step excitation and (b) two-step excitation (Z-scheme); and PEC water
splitting using (c) a photoanode, (d) photocathode, and (e) photoanode and photocathode in tandem configuration. The band gaps are depicted smaller
in (b) and (e) to emphasize that semiconductors with a narrow band gap can be employed.
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finite and the potentials of the band positions at the interfaces
can be assumed to be pinned, the electron transfer causes
band bending. Note that band bending could also occur in
semiconductor particles suspended in an aqueous solution,
although its effect might be less pronounced for nanoparticles
in which the width of the space charge layer could be larger
than the particle sizes. The electric field induced by the space
charge layer plays an important role in charge separation.™® In
electrodes of n-type semiconductors, which act as photo-
anodes, photoexcited holes accumulate on the surface of the
semiconductor and are consumed in oxidation reactions,
while electrons are transferred to a counter electrode via the
back contact and an external circuit, and used in reduction
reactions, as shown in Fig. 2c. The top of the valence band
must be more positive than the oxygen evolution potential to
allow a photoanode to generate oxygen. On the other hand, a
p-type semiconductor works as a photocathode for hydrogen
evolution when the conduction band edge is more negative
than the hydrogen evolution potential as shown in Fig. 2d.
Accordingly, PEC reactions on photoelectrodes are driven by
photoexcited minority carriers in both cases. The potential of
electrons on the counter electrode is identical to the Fermi
level of the photoelectrode under photoexcitation. An external
voltage can be applied between a photoelectrode and a
counter electrode to compensate for the potential deficiency
in order to drive redox reactions on a counter electrode even if
the Fermi level of the photoelectrode is positioned at an
undesirable potential. In such a case, the external power
input, which is the product of the current and the applied
voltage, should be subtracted from the energy output when
the energy conversion efficiency is considered.” Alternatively,
a photoanode and a photocathode can be connected in
tandem as in Z-scheme water splitting (see Fig. 2e) instead
of using a single photoelectrode and a counter electrode. In
the tandem configuration, the maximum photocurrent and
the working potential of the photoelectrodes are theoretically
determined by the intersection of the steady current-potential
curves of the respective photoelectrodes.?

3. Development of non-oxide
photocatalysts for visible-light-driven
photocatalysis

Sunlight (AM1.5G) consists of three main components in terms
of wavelengths: ultraviolet (UV) rays (A < 400 nm), visible light
(400 nm < 4 < 800 nm), and infrared rays (1 > 800 nm),
accounting for 4, 53, and 43% of the total solar energy,
respectively. The theoretical maximum efficiency of solar
energy conversion using a single photocatalyst increases with
the wavelength available for the water splitting reaction, calcu-
lated to be 2, 16, and 32% when solar light between UV and,
respectively, 400, 600, and 800 nm is utilized at a quantum
efficiency of 100%.> It is necessary to harvest visible light for
effective solar-to-hydrogen conversion because UV light accounts
for only a small portion of solar energy.

This journal is © The Royal Society of Chemistry 2014
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Generally, photocatalytic materials for overall water splitting
contain metal cations with d® and d'° electronic configurations
at the highest oxidation states.*® The conduction band of
transition metal oxides with a d® electronic configuration
mainly consists of the empty d orbitals of the constituent
transition metal cations, while that of typical metal oxides with
a d'° electronic configuration consists of hybridized orbitals of
empty s and p orbitals of cations. On the other hand, the
valence band of metal oxides is mainly composed of an O 2p
orbital. Oxide photocatalysts that are active for overall water
splitting such as SrTiO; have a band gap energy that is too large
to absorb visible light. As the valence bands consisting of O 2p
orbitals are located around +3 V vs. NHE (pH 0), the band gap
energy inevitably exceeds the 3 eV needed to satisfy the thermo-
dynamic requirement for water splitting that the band gap
straddles the potentials of water reduction and oxidation.
WO;, BiVO,, and Fe,O; cannot produce hydrogen on the sur-
face even after absorbing visible light because their conduction
band edges are more positive than the hydrogen evolution
potential. To accomplish water splitting using such oxides,
additional semiconducting materials and an electric power
supply are needed as in Z-scheme photocatalysis and PEC water
splitting, respectively.

The present authors have studied (oxy)nitrides and oxy-
sulphides for water splitting under visible light irradiation.’
N 2p and S 3p orbitals of (oxy)nitrides and oxysulphides can
form a valence band at potentials more negative than a band
composed of O 2p orbitals, owing to the lower electronegativities
of nitrogen and sulphur compared to oxygen, while the potential
of the conduction band is largely unaffected by nitrogen and
sulphur. In fact, certain (oxy)nitrides and oxysulphides have
ideal band structures for overall water splitting: a band gap
energy small enough to absorb visible light and a band gap
straddling the reduction and oxidation potentials of water.
Note that oxides doped with transition metals also absorb
visible light through the excitation of impurity levels.* It has
been demonstrated that some doped oxide photocatalysts can
split water under visible light irradiation in Z-scheme systems."®*®
Additionally, some chalcogenides containing Cu' ions, such as
CuGaSe,," Cu,ZnSnS,,>**" and Cu(Ga,In)(S,Se),, function as
p-type semiconductors and can also be employed as photo-
voltaic cells. These p-type chalcogenides are not applicable to
the water oxidation reaction because of photocorrosion and
their valence band potential is insufficient for oxidizing water
under typical reaction conditions. However, they are applicable
to hydrogen evolution under potential control because reduction
reactions predominantly occur on a p-type photocathode as
presented in the previous section.

Band structures of Ta,0s, TaON, and TazNs are shown in
Fig. 3.>> During the nitridation process, the three 0>~ anions in
the precursor Ta,Os are replaced by two N~ anions, whereas
the valence state of Ta>" is maintained. The top of the valence
band of Ta,Os consists of O 2p orbitals, which is located at
ca. +3.4 V vs. NHE. In contrast, the N 2p orbitals of TaON and
Ta;N; are incorporated in the valence bands, shifting the top of
the valence bands to ca. +2.0 V vs. NHE for TaON and +1.5 V vs.

Chem. Soc. Rev., 2014, 43, 75207535 | 7523
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Fig. 3 Band structures of Ta,Os, TaON, and TazNs. Adapted with permis-
sion from ref. 22. ©2003 American Chemical Society.

NHE for Taz;N;. The conduction bands of the three Ta com-
pounds mainly consist of empty Ta 5d orbitals and are located
at comparable potentials, —0.3 to —0.5 V vs. NHE. Conse-
quently, the light absorption spectra of TaON and Ta;Ns are
expanded up to ca. 500 and 600 nm, respectively. Therefore, the
nitrided products TaON and Ta;N; have suitable band gap
positions for photocatalytic water splitting although light
absorption by Ta,Os is limited in the UV region.

(Oxy)nitrides can be prepared by nitriding metal oxides
with appropriate compositions under an NH; flow at high
temperatures.'® For example, TaON and Ta;Ns can be pre-
pared by nitriding Ta,Os under different nitridation condi-
tions. Thermodynamically, NH; dissociates into H, and N, at
elevated temperatures. However, the dissociation of NH; does
not reach equilibrium when NH; gas flows continuously, and
the concentration of NH; could be higher than the equili-
brium value. Consequently, radical species such as NH and
NH, are supplied to the precursor.”® The activity of nitriding
species generated by NH; dissociation increases as the nitri-
dation temperature and the NHj; flow rate increase.** Simi-
larly, (oxy)sulphides can be prepared by sulphurizing metal
films or metal oxides under a H,S flow at elevated tempera-
tures. For example, Sm,Ti,S,05 powder’> and Cu,ZnSnS,
layers®® can be prepared by sulphurizing amorphous SmTi-
oxide powder and Zn/Sn/Cu multilayers electroplated on Mo.
Note that thermal nitridation and sulphurization of oxides
under NH; and H,S flows are non-equilibrium processes.
Excessive reactions would lead to the thermal decomposition
and/or reduction of desired semiconducting products as a
result of the hydrogen generated by the dissociation of NH;
and H,S. Thus, the nitridation and sulphurization conditions
need to be carefully fine-tuned to obtain active semiconduct-
ing materials. (Oxy)sulphides can also be prepared by the
solid-state reactions of metal oxides and sulphides in a sealed
vacuum tube. This process does not require elaborate setups,
while careful control of impurities such as adsorbed water
and hydrolysed sulphides is needed. High-quality chalco-
genide thin films can also be fabricated through vacuum
processes such as molecular beam epitaxy”® and multi-
source co-evaporation. Such processes prevail not only in

7524 | Chem. Soc. Rev., 2014, 43, 7520-7535
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high-efficiency photovoltaic cells but in PEC water splitting,
owing to the similarity in the working mechanism.

4. Measurement of activity for water
splitting
a. Apparatus

Photocatalytic water splitting reactions are usually carried out
in a closed-circulation system equipped with a vacuum system
or a flow system at atmospheric pressure. In a reaction using a
closed-circulation system, a photocatalyst sample is dispersed
in a reaction solution, and the reaction system is evacuated
adequately to eliminate the dissolved air in the reaction
solution. A certain amount of inert gas is introduced into the
reaction system to keep the gas composition homogeneous by
circulation and avoid boiling of the reaction solution under
illumination at a reduced pressure. Alternatively, an open flow
system is used for photocatalytic water splitting, where an inert
gas flows continuously through the headspace of a reactor. In
both cases, gaseous products are analysed using a gas chroma-
tograph integrated with the reaction system to avoid air con-
tamination. In practice, the pressure inside the reaction system
affects the photocatalytic activity.>” At a high pressure, the
photocatalytic activity for overall water splitting generally
decreases because of slower bubble formation and desorption
of product gases, inducing side reactions such as oxygen
reduction and water formation from the produced hydrogen
and oxygen. These side reactions are critical problems in view
of the practical operation of solar water splitting at ambient
pressure. A hydrogen evolution cocatalyst that is highly
selective for the desired reaction, such as ha,yCryOS27 or an
Rh/Cr,0; core/shell composite,>® is needed.

PEC water splitting is performed using a single- or double-
compartment cell equipped with a flat optical window.” The
PEC cell has several ports for electrodes, purging, and gas
sampling. Two-electrode and three-electrode systems are used
to measure the efficiency of a whole cell and the performance of
a working electrode as a half cell, respectively. In a two-
electrode system, the photo- and dark-currents are recorded
as a function of voltage against a counter electrode. The
potential of the counter electrode is ideally the same as the
potential of the redox reaction occurring on the counter elec-
trode. However, in reality, the potential of the counter electrode
is not at the equilibrium potential of the redox reaction because
of the reaction overpotential, which in turn depends on the
current density. Thus, the current-voltage curves are affected by
the properties of the counter electrode. Consequently, the
potential of the working electrode cannot be measured exactly
in the simple two-electrode configuration. The purpose of the
two-electrode measurement is to assess the efficiency of a PEC
cell taking overpotential loss in both working and counter
electrodes into account.

In a three-electrode system, the potential of a working
electrode is controlled using a potentiostat with respect to a
reference electrode. The photo- and dark-currents are recorded

This journal is © The Royal Society of Chemistry 2014
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as a function of the potential against the electrolyte solution. It
should be noted that the potential of the counter electrode is
adjusted so that the current passing through the counter
electrode matches that generated on the working electrode.
Therefore, the efficiency of PEC cells could not be assessed
from three-electrode measurements. The purpose of the three-
electrode system is to define the potential of the working
electrode against the electrolyte solution, which is independent
of the properties of the counter electrode. The silver/silver
chloride electrode, the saturated calomel electrode, and the
mercury/mercury oxide electrode are commonly used in PEC
water splitting. These reference electrodes can indicate the
known potentials with respect to electrolyte solutions with
different redox species, temperatures, and concentrations.
The potential of the working electrode measured with respect
to a reference electrode can be converted to the potential vs. the
reversible hydrogen electrode (RHE) on the basis of the follow-
ing equation:

RT1n 10

Erug = Erer + E2 + 7

pH, )

where Egug, Erer, and Eo%s denote, respectively, the potential of
the working electrode against the electrolyte solution with
respect to the RHE, the potential of the working electrode
measured with respect to a reference electrode, and the
potential of the reference electrode with respect to the normal
hydrogen electrode (NHE), if the potential of the reference
electrode used is independent of pH. R, T, and F stand for
the gas constant, temperature, and Faraday constant, respec-
tively. The potentials at 0 and +1.23 V vs. RHE indicate the
potentials where hydrogen and oxygen are equilibrated with the
actual electrolyte solution.

Various kinds of light sources are used for illumination,
including Hg lamps, Xe lamps, halogen lamps, and light-
emitting diodes. Hg lamps and light-emitting diodes excel in
generating emission line spectra, while Xe and halogen lamps
mostly generate continuous spectra. Xe lamps equipped with
appropriate filters can be used as a solar simulator. One must
be careful of the power spectra (ie., intensity at different
wavelengths) of a light source at different distances, positions,
and times, because the photon and energy fluxes are impor-
tant in the evaluation of quantum efficiencies and energy
conversion efficiencies, respectively. In addition, heating of
the reaction solution under illumination should be avoided
because the water splitting rate depends on the reaction
temperature.® Furthermore, fluctuations in vapour pressure
could cause an inhomogeneity in the gaseous components in
the reactor.

b. Efficiency

The benchmark efficiency of solar hydrogen production via
water splitting and diagnostic efficiencies to understand mate-
rial performance were reviewed recently.” The solar-to-
hydrogen efficiency (STH) can be calculated from the product

This journal is © The Royal Society of Chemistry 2014
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of the rate of hydrogen production (ry,) and the gain in Gibbs
energy (AG) of 237 kJ mol ":*’

_ Output energy as Hj _ra, X AG
" Energy of incident solar light Py, x S’

STH (2
where Py, is the energy flux of the sunlight and S is the area of
the reactor. Considering the ASTM-G173 AM1.5 global tilt, solar
irradiation has an energy flux of 1.0 x 10> W m™? and its power
spectrum is well defined.

When an external voltage is applied to PEC systems, the
electrical energy has to be subtracted from the energy gain. For
two-electrode measurements, the applied bias photon-to-
current efficiency (ABPE) is frequently used.” ABPE is defined as

ABPE =
PSUH

: (3)
where j, Vi, and Vj,,s are the photocurrent density, the theore-
tical water-electrolysis voltage (1.23 V), and the applied voltage,
respectively. One of the concerns regarding ABPE as an alter-
native expression of STH is that the faradaic efficiency (y5) is
not considered explicitly.” Thus, the photocurrent is not neces-
sarily attributed to water splitting unless the production of
hydrogen and oxygen is confirmed at the faradaic efficiency of
unity. The faradaic efficiency of water splitting is the ratio of the
current contributing to water splitting into hydrogen and
oxygen to the observed current. In the ideal scenario, four
electrons correspond to two hydrogen molecules and one
oxygen molecule. If the faradaic efficiency is below unity, a
part of the current should be attributed to redox processes
other than water splitting.

Considering the ambiguous definition and naming of ABPE
either as energy conversion efficiency or quantum efficiency, we
suggest applied-bias-compensated solar-to-hydrogen efficiency
(AB-STH) as a general expression of STH via PEC water splitting
under sunlight:

‘j‘ X Ng X (Vth - Vbias)

AB-STH = . 4
Pyyn ( )

STH in eqn (2) corresponds to a special case of AB-STH such
that ng is unity and Vy;as is zero. It should be noted that current-
voltage curves often have a significant hysteresis in cyclic
voltammetry because of charging/decharging of trap states,
cocatalysts, and the surface of photoelectrodes. To get an
accurate estimate of AB-STH, it is necessary to employ a two-
electrode system and measure the photocurrent at a static
applied voltage. It is obviously necessary to quantify the
amounts of evolved H, and O, because yr must be known.
PEC cells should be purged with an inert gas when side
reactions involving oxygen and hydrogen are a concern. More-
over, even if the value of AB-STH is high, the performance is
considered to be low when the potential gain is much smaller
than 1.23 V. Such systems split water mostly by electrical
energy.

For a photoanode (photocathode) measured in the three-
electrode configuration, the product of the potential gain and
the photocurrent could be regarded as the hypothetical half-cell

Chem. Soc. Rev., 2014, 43, 7520-7535 | 7525
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solar-to-hydrogen efficiency (HC-STH). The gain in potential by
PEC water splitting could be approximated by the difference of
the potential of a photoanode (photocathode) from the oxygen
(hydrogen) equilibrium potential:

|/l % (Eo,/m,0 — EruE)

P.
HC-STH = . sun
Ij| x (Erue — Ew+m,)

PSUH

(for photoanodes)

(for photocathodes)
()

where Eq u,0 and Ey+y, stand for the equilibrium potentials
of oxygen evolution (+1.23 V vs. RHE) and hydrogen evolution
(0 V vs. RHE), respectively. Provided that 5 of PEC water
splitting is unity and that a counter electrode drives the counter
reaction without any overpotential, HC-STH is a convenient
estimate of maximum AB-STH of a half-cell independent of
properties of a counter electrode. In reality, however, the
potential of a counter electrode is not equilibrated with the
potential of the redox reaction on the counter electrode as
mentioned in the previous section. Therefore, HC-STH should
not be regarded as AB-STH.

STH can be used as a universal and practical standard of the
performance of photocatalysts and photoelectrodes, although it
conveys too much information to understand the performance
of photocatalyst and photoelectrode materials in water split-
ting. To understand material performance and perform reliable
measurements, it is necessary to understand diagnostic effi-
ciencies. The activities of photocatalysts and photoelectrodes
are often reported as gas evolution rates and photocurrents in
photocatalytic and PEC water splitting, respectively, measured
using various light sources for convenience. However, it is
practically impossible to compare the activities measured in
different reaction systems because of variations in the power
spectra of light sources. Hence, for a discussion of performance
on kinetic basis, it is necessary to compare how much photons
contribute to the photocatalytic and PEC reactions. The apparent
quantum efficiency (AQY) and the incident photon-to-current
efficiency (IPCE) can be used as standard measures of activity.
The AQY is defined as

AQY = #7 (6)
where n, R, and I denote the number of electrons involved in
the photocatalytic reaction, the production rate of molecules,
and the rate of incident photons, respectively. In overall water
splitting using a single photocatalyst, the constant n for the
hydrogen and oxygen evolution rates is equal to two and four,
respectively. IPCE is defined as the ratio of the number of
electrons passing through an external circuit as a photocurrent
to the number of photons irradiating a photoelectrode. Thus,
IPCE corresponds to the external quantum efficiency. If the
total absorptance of a photoelectrode is available, the absorbed
photon-to-current efficiency (APCE) can be calculated by dividing
IPCE by the absorptance. It should be again noted that the
photocurrent used for the calculation of IPCE and APCE is not
necessarily attributable to the water splitting reaction unless

7526 | Chem. Soc. Rev., 2014, 43, 7520-7535

View Article Online

Tutorial Review

the production of hydrogen and oxygen is confirmed at the
faradaic efficiency of unity.

AQY, IPCE, and APCE are dependent on the wavelengths of
photons, typically decreasing as the irradiation wavelength
approaches the absorption edge wavelength because of the
lower absorption coefficients and longer migration distances
for photoexcited carriers. Therefore, the above efficiencies are
usually determined under monochromated irradiation. Note
that in most cases, AQY, IPCE, and APCE depend on the light
intensity. A number of previous studies have reported that AQY
decreased with increasing light intensity because in the high-
intensity region, charge recombination was a second-order
reaction with respect to light intensity.® If AQY and IPCE
spectra are independent of the photon flux, it should be
possible to reproduce observed water splitting rates and photo-
currents from the power spectrum of a light source and the AQY
and IPCE spectra, respectively.

c. Test reaction with sacrificial reagents

Photocatalytic water splitting remains challenging because it is
an uphill reaction associated with the rapid recombination of
photoexcited electrons and holes. Indeed, the kinds of photo-
catalysts that are capable of steady overall water splitting under
visible light are very limited.*®° An electron donor such as
methanol and an electron acceptor such as the silver cation are
often added to the reaction solution to measure the photo-
catalytic activity for the hydrogen and oxygen reactions, respec-
tively.>*” These additives are more reactive than water, con-
sumed irreversibly, and are called sacrificial reagents. For
example, the standard electrode potential for reduction of

carbonic acid to methanol ( +0.04 V) is more

EO
H,COs(aq)/CH30H?
negative than that for reduction of oxygen to water (EJ /H07
+1.23 V). That is, methanol is thermodynamically more easily
oxidized than water. Similarly, the standard electrode potential
. 0 . o,
for reduction of proton to hydrogen (Ey, /Hy OV by definition)
is more negative than that for reduction of silver cation to

metallic silver (E} +0.80 V). Therefore, silver cation is

gt /Ag’
more easily reduced than proton from the thermodynamic
perspective. Undesirable recombination reactions can be sup-
pressed in the presence of sacrificial reagents because photo-
excited electrons and holes can be consumed by the sacrificial
reagents irreversibly and rapidly. The overall reactions in the

presence of methanol or silver ions can be expressed as follows:
CH3OH + Hzo i COZ + 3H2 (7)
4Ag" + 2H,0 — O, + 4Ag° + 4H" (8)

Clearly, the energy gains by the above reactions are much
smaller than that of water splitting. Thus, these reactions are
not intended for solar energy conversion. Sacrificial photo-
catalytic water splitting can proceed as long as the thermo-
dynamic requirement for hydrogen or oxygen evolution is satisfied.
The bottom of the conduction band should be more negative
than the hydrogen evolution potential when hydrogen is evolved
from an aqueous methanol solution under light irradiation.
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Likewise, the top of the valence band should be more positive
than the oxygen evolution potential when oxygen is evolved from
an aqueous silver ion solution. Note that a photocatalyst is not
necessarily active for overall water splitting even if it is active for
both the sacrificial hydrogen and oxygen evolution reactions,
because charge separation is strongly supported by sacrificial
reagents. Moreover, the determinants of the photocatalytic acti-
vity for sacrificial hydrogen and oxygen evolution are not neces-
sarily identical.>®* However, this does not present a problem
for the estimation of the charge separation efficiency of photo-
electrodes, where either reduction or oxidation reaction proceeds
on the surface.’>*' Given that sacrificial reagents consume all
the photoexcited carriers reaching the surface, a photocurrent
observed in the presence of sacrificial reagents reflects the flux of
minority carriers that have escaped recombination with majority
carriers. If the absorptance of a photoelectrode is available, one
can estimate the efficiencies of charge separation inside the
photoelectrode and charge injection on the surface.*’

5. Advancements in photocatalytic
water splitting
a. Overall water splitting using a single photocatalyst

Some transition metal oxides with d° electronic configuration
and typical metal oxides with d'° electronic configuration
show activity for photocatalytic water splitting under UV light
illumination. In particular, NaTaO; doped with La** and
Ga,0; doped with Zn** exhibit the highest water splitting
rates when modified with NiO and Rh,_,Cr,0;3 cocatalysts,
respectively. Cocatalyst loading is, in fact, essential to achieve
efficient photocatalytic water splitting. The function of NiO
and Rh,_,Cr,O; for various photocatalysts has been attributed
to the facilitation of hydrogen evolution processes by various
methods, including the sacrificial water splitting reaction®”-*>
and transient absorption spectroscopy®! with and without
cocatalyst loading. In the absence of cocatalysts, oxide photo-
catalysts exhibit decent activity for the sacrificial oxygen
evolution reaction but not for the sacrificial hydrogen evolu-
tion reaction. These results indicate that the surface of oxide
photocatalysts is hardly active for hydrogen evolution. Load-
ing of NiO and Rh,_,Cr,O; significantly improves the hydro-
gen evolution activity and thus enables overall water splitting.
In addition, photoexcited electrons in the conduction band
were found to be quenched by the loading hydrogen evolution
cocatalyst, indicating that electrons were trapped by the
cocatalyst and thus separated from photoexcited holes. There-
fore, cocatalysts can facilitate both charge separation and
surface kinetics. It is preferable for an ohmic contact to be
formed between the photocatalyst and hydrogen evolution
cocatalyst so that electrons can be injected into the cocatalyst
preferentially. Otherwise, a cocatalyst would also function as a
recombination centre. It was demonstrated by spectroscopy
under potential control that a Schottky-type barrier was pre-
sent at the interface between an n-type GaN single crystal and
Pt particles.®® Thus, electron migration from GaN to Pt is
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suppressed while holes can be injected without an energy
barrier.

The kinds of non-oxide photocatalysts that are active for overall
water splitting are limited because of the weaker reactivity of the
photoexcited carriers owing to the smaller band gap energies and
the difficulties in preparing materials with adequate quality.
However, certain non-oxide photocatalysts become active for over-
all water splitting through appropriate modification with hydro-
gen evolution cocatalysts. As for metal oxynitrides, solid solutions
of GaN and ZnO ((Ga;_,Zn,)(N;_,O,)) and ZnGeN, and ZnO
((Zn14,Ge)(N,0,)), for example, are capable of overall water split-
ting after loading of hydrogen evolution cocatalysts.’ In particular,
(Gay_4Zn,)(N;_,O,) modified with Rh, ,Cr,O; holds the highest
AQY for overall water splitting using a single photocatalyst under
visible light (5.1% at 410 nm).> Recently, ZrO,-modified TaON
(ZrO,/TaON), a transition metal oxynitride, was also reported to be
active for overall water splitting when coloaded with cocatalysts
for both hydrogen and oxygen evolution.*®

Loading of oxygen evolution cocatalysts has a weaker effect
on the photocatalytic activity than loading of hydrogen evolu-
tion cocatalysts. Loading of Mn;0O, alone as an oxygen evolu-
tion cocatalyst on (Ga;_,Zn,)(N;_,O,) does not enable overall
water splitting because of the lack of hydrogen evolution
sites.>” Loading of Mn;0,, RuO,, and IrO, as oxygen evolution
cocatalysts is effective when they are coloaded on the photo-
catalyst together with a hydrogen evolution cocatalyst such as
Rh/Cr,0; core/shell composite.>”*®* However, the optimal load-
ing amounts of oxygen evolution cocatalysts were below
0.05 wt% (see Fig. 4), whereas the typical loading amount of
Rh,_,Cr,0; as a hydrogen evolution cocatalyst was 1 wt% (for
Rh alone) or larger.*® In addition, coloading of oxygen evolution
cocatalysts improved the water splitting rates by a factor of
1.4 at most, regardless of the kinds of cocatalysts. These results
suggest that photocatalytic activity was limited by the hydrogen
evolution process.

N N
o N
N 1

-—
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I

Rate of gas evolution /ymol h”
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O 1 L} L 1 L]
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Amount of loaded 02 evolution cocat. / wt%

Fig. 4 The photocatalytic activity of GaN:ZnO coloaded with different O,
evolution cocatalysts and Rh/Cr,Os for water splitting under visible light
(2> 420 nm). Circles, triangles, and squares indicate the loading of MnzOy,,
IrO,, and RuO,, respectively. Closed and open symbols denote H, and O,,
respectively.*® ©2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 5 Time courses of water splitting under UV irradiation (4 > 300 nm)
using ZrO,/TaON after various modifications (@ = Hy (IrO,/Cr,O3/RuQ,),
O = 02 (||’02/CI'203/RUOX), H = H2 (CT203/RUOX), 0= 02 (CI’203/RUOX),
A = H, (RuO,), A = O (RuO,)).%® ©2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Although the catalytic enhancement was not dramatic,
coloading of oxygen evolution cocatalysts did improve the
durability of non-oxide photocatalysts significantly because
photooxidation of water and of the photocatalyst itself com-
peted on the surface. It was reported that coloading of RuO, on
(Gaj_xZn,)(N;_,O,) together with Rh/Cr,0; suppressed the
loss of nitrogen on the photocatalyst during photocatalytic
water splitting.?® As a result, deactivation of the photocatalyst
was also suppressed. ZrO,/TaON modified with the RuO,/Cr,03
core/shell composite as a hydrogen evolution cocatalyst showed
activity for overall water splitting, although the gas evolution
rates decreased with time because of the deactivation of the
photocatalyst (Fig. 5).*®¢ When IrO, was coloaded as an oxygen
evolution cocatalyst on ZrO,/TaON with RuO,/Cr,03, overall
water splitting proceeded steadily. This result stresses the
importance of stabilizing non-oxide photocatalysts against

Pt
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water oxidation by modification with oxygen evolution cocatalysts
for long operations.

b. Z-scheme water splitting

Overall water splitting has been achieved with some single non-
oxide photocatalysts, as mentioned in the previous section.
However, the absorption edge wavelengths of the active photo-
catalysts were 500 nm at most, which was too short to harvest
sunlight effectively. Z-scheme water splitting is advantageous
over one-step photoexcitation water splitting in that a wider
range of visible light can be used, as semiconductors with
either water reduction or oxidation potentials can be employed.
In fact, WO;*° and BivO,'®'® are applied as oxygen evolution
photocatalysts in Z-scheme water splitting. Furthermore,
BaTaO,N, whose absorption edge wavelength is 660 nm, is
applicable as a hydrogen evolution photocatalyst.*" On the
other hand, the number of photons required to generate a
given amount of hydrogen is double that required for one-step
splitting. In addition, the Z-scheme requires balanced photo-
catalytic activity of the hydrogen and oxygen evolution photo-
catalysts under shared pH conditions and redox mediator
concentrations.

In Z-scheme water splitting, it is critical to suppress back-
ward reactions involving redox mediators that are thermo-
dynamically more favourable than water splitting. To avoid
side reactions, forward reactions should proceed efficiently.
The highest AQY of 6.3% at 420 nm was achieved with a
Z-scheme system based on Pt-loaded ZrO,/TaON as a hydrogen
evolution photocatalyst, Pt-loaded WO; as an oxygen evolution
photocatalyst, and 105 /I as a redox couple (Fig. 6).*° I" ions
as a donor and 105~ ions as an acceptor react efficiently on
Pt-loaded ZrO,/TaON and Pt-loaded WO;, respectively. As a
result, undesirable backward reactions such as oxidation of
I" ions on Pt-loaded WO; and reduction of I0;~ on Pt-loaded
Zr0O,/TaON are minimized. Modifying TaON with ZrO, was
essential to render TaON active for hydrogen evolution.

A= 420.5nm Vg
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Fig. 6 Schematic reaction mechanism of Z-scheme water splitting using Pt/ZrO,/TaON, Pt/WOs, and IOz /I™ as the hydrogen evolution photocatalyst,
oxygen evolution photocatalyst, and reversible redox mediator, respectively. Reprinted with permission from ref. 40. ©2010 American Chemical Society.
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Table 1 Effect of the weight ratio of Pt/ZrO,/TaON-Pt/WOz—Nal in the
reaction solution on water splitting activity under monochromatic light
irradiation (1 > 420.5 nm)*°

Pt/ZrO,/ Loading Gas evolution

TaON-Pt/ Concn amt of Pt on rate (umol h™Y

WO;-Nal of Nal Zr0O,/TaON -

(mg) (M) (wid%) H, 0, AQY (%)
50-100-15 1.0 1.0 3.3 1.6 2.7
25-50-7.5 0.5 1.0 5.5 2.7 4.3
10-20-3.0 0.2 1.0 4.6 2.1 3.5
10-20-15 1.0 1.0 4.3 1.4 2.3
25-50-7.5 0.5 0.5 7.5 3.8 6.3
25-50-7.5 0.5 0.1 <1 n.d.

Adapted with permission from ref. 40. ©2010 American Chemical
Society.

Photoluminescence spectroscopy and PEC measurements
revealed that the n-type semiconducting character of TaON was
moderated as a result of the ZrO, modification. This would
extend the lifetime of photoexcited holes in ZrO,/TaON owing to
the lower density of the inherent electrons. In addition, reaction
conditions such as Pt loading and concentrations of photo-
catalysts and of redox mediators should be optimized so that
photoexcited electrons are consumed in hydrogen evolution
instead of the reduction of IO;~ ions, as shown in Table 1.%°
The combination of Ru-loaded SrTiO; doped with Rh
(SrTiO4:Rh) for hydrogen evolution and BivVO, for oxygen evolu-
tion works efficiently in Z-scheme water splitting in the presence
of various reversible redox couples. In particular, the use of
[Co(bpy)s]>"*" as a redox couple exhibited excellent AQY (2.1%
at 420 nm) for overall water splitting although this redox couple
was not effective for other combinations of photocatalysts.*' This
Z-scheme system works stably and shows decent hydrogen and
oxygen evolution under natural sunlight. It is also possible to
generate hydrogen and oxygen separately by dispersing the hydro-
gen evolution photocatalyst and the oxygen evolution photo-
catalyst in a two-chamber cell separated by a membrane filter
penetrating the redox couple. The choice of the reaction pH
plays a key role in maximizing the reaction efficiency of the
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Z-scheme system. This is because the potentials of the band
edges of the oxide photocatalysts depend on the pH of the
reaction solution, while the redox potential of [Co(bpy);]*"** does
not. Accordingly, the potential of the redox couple relative to the
band edges is also dependent on pH. As shown in Fig. 7, with
decreasing pH, the potential of [Co(bpy),]*"*" shifts to more
negative potentials against the band edges of SrTiOz:Rh and
BiVO,.*" As a result, the oxidation of Co(bpy)** for hydrogen
evolution on Ru-loaded SrTiO;:Rh was enhanced. However, the
reduction of Co(bpy)*" on BiVO, for oxygen evolution became
difficult owing to the smaller energy offset between the conduc-
tion band edge of BiVO, and the reduction potential of Co(bpy)**.
Furthermore, oxidation of Co(bpy)** occurred significantly on
BiVO,. As a result, the activity for Z-scheme water splitting
decreased dramatically with decreasing pH. In contrast, the
reduction of Co(bpy)*" for oxygen evolution on BiVO, was facili-
tated, while the oxidation of Co(bpy)*" for hydrogen evolution on
Ru-loaded SrTiO;:Rh was suppressed at higher pH values. Con-
sequently, the highest activity was observed at neutral pH.
Interestingly, it was found that a mixture of Ru-loaded
SrTiO;:Rh and BiVO, generated hydrogen and oxygen stoichio-
metrically even in the absence of redox mediators.'® The
activity for overall water splitting was highly dependent on
the pH of the reaction solution, peaking steeply at pH 3.5.
Optical microscopy of suspensions of Ru-loaded SrTiOz:Rh and
BiVO, revealed that particles of both photocatalysts aggregated
best at pH 3.5, while they hardly aggregated at pH 7. This was
due to the sign of the electrostatic charge of the photocatalyst
particles. The isoelectric point of Ru-loaded SrTiOz;:Rh was
approximately 4, meaning that the powder is negatively charged
at pH > 4 and positively charged at 2 < pH < 4. On the other
hand, BiVO, was negatively charged even at pH 2. Therefore,
Ru-loaded SrTiO;:Rh and BiVO, had an electrostatic attractive
force in an aqueous solution at pH < 4, forming aggregates
composed of both photocatalysts. It was confirmed that the
photoluminescence of BiVO, was quenched by mixing active
SrTiO;:Rh containing surface Rh species whose oxidation state
was reversible, which was indicative of electron transfer from
BiVO, to SrTiO;:Rh via physical contact. Additionally, water
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Fig. 7 Energy diagrams of the Z-scheme photocatalyst system, (Ru/SrTiOz:Rh)—(BiVO4)—([Colbpy)sl®*/?*), and the ratio of [Colbpy)s]®* ions to
[Colbpy)s®* ions during overall water splitting under basic, neutral, and acidic conditions. Reprinted with permission from ref. 41. ©2013 American

Chemical Society.
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Fig. 8 Mechanism of water splitting using the Z-scheme photocatalysis
system driven by electron transfer between H,- and O,-photocatalysts.
(@) Suspension of Ru/SrTiOz:Rh and BiVO, under neutral and acidic
conditions. (b) Scheme of photocatalytic water splitting. Reprinted with
permission from ref. 16. ©2009 American Chemical Society.

splitting did not proceed when the two photocatalysts were
physically separated, further stressing the importance of the
interaction of the two photocatalysts. The above results indicate
that Z-scheme water splitting took place via interparticle elec-
tron transfer and thus physical contact between the two photo-
catalysts was necessary to complete the process (Fig. 8).'°
Z-scheme water splitting via interparticle electron transfer can
be advantageous over conventional Z-scheme water splitting with
reversible redox couples in that thermodynamically favourable
backward reactions involving reversible redox couples do not
occur. Therefore, (oxy)nitride photocatalysts that have a low
selectivity for the forward reaction, such as Ta;Ns, can be applied
to Z-scheme water splitting without elaborate surface modifica-
tion. For example, a suspension of Ru-loaded SrTiOs;:Rh and
Ir/CoO,-coloaded Ta;N; shows activity for Z-scheme water splitting
and potentially utilizes photons up to 600 nm for oxygen evolution
on TazN;."” The activity was significantly dependent on the pH of
the reaction solution, peaking at pH 3.9. Unlike BiVO,, the use of
Ta;N; did not lead to steady water splitting although Ta;N; is
active for oxygen evolution as long as photoexcited electrons are
scavenged. A major challenge in this Z-scheme water splitting
system was facilitating interparticle electron transfer between
SrTiO;:Rh and Ta;N;s. It was found that Ir loaded on Ta;Nj
effectively captured the photoexcited electrons of TazNs, facili-
tated the electron transfer to SrTiOz:Rh via physical contact, and
was thus necessary to achieve Z-scheme water splitting. In
addition, coloading of CoO, as an oxygen evolution cocatalyst
was found to improve the durability of the Z-scheme system,
similarly to overall water splitting on (Ga;_,Zn,)(N;_0,).*
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c. Sacrificial water oxidation

Although oxygen evolution rates in the presence of Ag" cations
would not necessarily be relevant to the activity for overall water
splitting,?® photocatalyst-cocatalyst composites efficient for the
sacrificial oxygen evolution are expected to be applicable as
photoanodes in PEC water splitting, because loading oxygen
evolution cocatalysts can improve charge separation efficiency
greatly. In addition, development of oxygen evolution cocata-
lysts for non-oxide photocatalysts contributes to stabilization of
the materials against self-oxidation. Nanoparticles of MnzO,,
RuO,, and IrO, were found to function as oxygen evolution
cocatalysts, as mentioned previously.*® In addition, cobalt
oxide has received much attention as an efficient cocatalyst
for oxygen evolution on non-oxide photocatalysts. Cobalt oxide
nanoparticles can be loaded on LaTiO,N by impregnation with
an aqueous solution of Co salts followed by nitridation treat-
ment typically at 973 K.**> The Co species after nitridation is
often a mixture of divalent and trivalent oxides and will be
denoted as CoO, hereafter for simplicity. LaTiO,N modified
with CoO, exhibited higher photocatalytic activity for the oxygen
evolution reaction from an aqueous silver nitrate solution
than did LaTiO,N modified with IrO,, a conventional oxygen
evolution cocatalyst. In particular, AQY reached 27% at 440 nm
for the oxygen evolution reaction when single-crystalline meso-
porous and macroporous LaTiO,N was used as a photocatalyst.*>
This efficiency is significantly higher than those reported for
photocatalysts with a 600 nm absorption edge. The activity
enhancement is believed to be associated with improvements
in both the photocatalyst and cocatalyst components. The
single-crystalline LaTiO,N with its porous interior not only
provided more active surface area but also lowered the defect
density, which would have suppressed the recombination of
photogenerated carriers. In addition, time-resolved infrared
absorption spectroscopy revealed that the deposition of either
CoO, or IrO, enhanced the lifetime of excited electrons with
respect to unmodified LTON (Fig. 9).*> In particular, the
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Fig. 9 Decay of photogenerated electrons on LaTiO,N prepared via the
flux method with and without cocatalysts: (a) LaTiO,N; (b) IrO,/LaTiO,N;
and (c) CoO,/LaTiO,N. The catalysts were irradiated by a 355 nm UV pulse at
1 mJ, and the transient absorption was observed at 2000 cm™*. Reprinted
with permission from ref. 42. ©2012 American Chemical Society.
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lifetime of carriers was prolonged more by the deposited CoOy,
to a time scale of seconds. This indicates that both CoO, and
IrO, play a role in separating the photogenerated electrons and
holes, and the better separation of carriers with CoO, modifica-
tion explains the higher photocatalytic performance observed
with CoO, modification compared to IrO, modification.

CoO, was also effective for nitride and oxysulphide photo-
catalysts such as TazN;'”** and Sm,Ti,$,05.** Modification of
TazN; with nanoparticulate CoO, enhanced the activity for
water oxidation activity and suppressed nitrogen evolution
because of decomposition of the nitride."””** Besides, the sur-
face modification of Ta,O5 with alkaline metal salts was found
to improve the water oxidation activity of Ta;Ns.»* TazNs
nitrided from Ta,0O; modified with Na,CO; exhibited better
crystallinity, smaller particles with smoother surfaces, and a
six-fold improvement in photocatalytic activity for oxygen evolu-
tion under visible light. It is believed that the partial dissolution
of Ta,05 with Na,CO; and nucleation of NaTaO; grains in the
early stage of the nitridation gave rise to the characteristic
particle morphologies and improved activity. Loading of CoO,
onto the modified Ta;N5 as an oxygen evolution cocatalyst by
nitridation treatment at 773 K further improved the photo-
catalytic activity, yielding an AQY of 5.2% at 500-600 nm.*?

CoO,-loaded Sm,Ti,S,05 was prepared by sulphurization of
SmTi oxide impregnated with an aqueous solution of Co(NO3),
at 1223 K under a H,S flow followed by calcination in air.**
During the sulphurization, Co species decomposed into Coz;0,
and then CoS, (mixture of Co;S, and CoS) and finally oxidized
into CoO,. The AQY was estimated to be 5% at 420 nm, the
highest among oxysulphides ever reported. Accordingly, CoO,
loaded by nitridation and sulphurization treatments worked as
an efficient oxygen evolution cocatalyst for (oxy)nitrides and
oxysulphides. The treatment temperatures were 773 K or
higher. This is considerably higher than the temperatures
applied to deposit nanoparticles of noble metals or metal
oxides as cocatalysts,”’*>* which might allow for a more
intimate interaction between the photocatalyst and cocatalyst.

6. Advancements in
photoelectrochemical water splitting
a. Preparation of electrodes

Photoelectrodes of non-oxide semiconductors can be fabricated
using powdered materials synthesized in advance.*>*® They can
also be synthesized directly on conductive substrates by nitri-
dation/sulphurization of metals and metal oxides***? and by
vacuum processes such as molecular beam epitaxy (MBE),"°
radio-frequency (RF) magnetron sputtering, chemical vapour
deposition (CVD), and vacuum evaporation. Generally, it is
important to establish good electric contact between semi-
conductor particles/layers and a conductive substrate and reduce
density of grain boundaries across the photoelectrode in order to
minimize series resistance.

Drop casting, squeegeeing, and electrophoretic deposition
can be used to coat conductive substrates with powdered
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semiconductor materials. However, the PEC performance as
well as mechanical strength of such photoelectrodes is gener-
ally poor because of the high resistance between particles and
substrates. To facilitate charge transfer between semiconduct-
ing particles and a conductive substrate, necking treatments
are usually applied.*® Photoelectrodes made of powdered semi-
conductors are treated with solvents containing appropriate
metal salt precursors. Subsequently, the modified photo-
electrodes are annealed under appropriate conditions, e.g.,
under an NH; flow in the case of (oxy)nitride photoelectrodes.
During the heating, the metal salts decompose into metal oxide
and/or (oxy)nitride and bridge the semiconducting particles.
One of the problems of the necking treatment is the durability
of semiconductor particles and conductive substrates during
the heat treatment. For example, (oxy)nitrides layers modified
with metal salts should be heated under an NH; flow at high
temperatures to ensure intimate contact between particles and
necking agents and to suppress decomposition. However,
transparent conductive oxides such as fluorine-doped SnO,
and tin-doped In,O; cannot be handled at high temperatures
especially under an NH; atmosphere.

Recently, the particle transfer method was developed as an
alternative to necking treatment.*> The particle transfer process
is illustrated in Fig. 10. First, a semiconducting powder is laid
on a glass substrate. Then, a thin metal layer (approximately
100-300 nm) is deposited as a contact layer by the sputtering
method. The choice of metal is considered to be key to estab-
lishing a favourable electrical contact between the semiconduc-
tor particles and the metal layer. After that, continuous metal
films several micrometers in thickness are deposited by the
sputtering method for adequate conductivity and mechanical
strength. The resulting metal film is transferred to another
substrate by a resin, and the primary substrate is peeled off.
The excess powder is removed by ultrasonication in water. This
method ensures an adequate electrical contact between the
semiconducting particles and metal layer. In addition, since

(a) Deposition of
Photocatalyst particles

(c) Formation of
conductor layer

Photocatalyst b AR L Sl R
particles tytet

Substrate Substrate
(b) Formation of (d) Lift off
contact layer
S — (B
KOSCTOOTTN

Substrate

Fig. 10 Schematic of the particle transfer method. Reproduced from
ref. 45 with permission from The Royal Society of Chemistry. © Royal
Society of Chemistry 2013.
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the semiconductor particles attached loosely to the electrodes
are removed, a mono-particle layer covers the metal conductor
film. It should be noted that the process is applicable to a
variety of powdered semiconductors in the fabrication of
photoelectrodes.

The application of nanorods grown vertically on conductive
substrates is advantageous over other types of photoelectrodes
because the photogenerated minority carriers arrive at the
electrolyte interface sooner in the case of submicron-diameter
nanorods. The majority carriers are transferred easily within
the core of nanorods along their long axis. Among the various
non-oxide materials, one-dimensional Ta;Ns nanorod arrays
have been identified as a promising candidate for solar-driven
PEC water splitting.*” Vertically aligned TazN5 nanorod arrays
can be fabricated by nitridation of Ta,Os nanorod arrays grown
via a through-mask anodization method. First, a porous anodic
alumina (PAA) mask was formed on top of a Ta substrate by
anodizing an evaporated Al layer. Ta,Os nanorods were then
embedded into the nanochannels of the PAA mask by anodizing
the Ta substrate through the PAA mask in an aqueous solution
of boric acid (0.5 M). Owing to the low solubility of Ta’" in the
boric acid solution and the volume expansion associated with
the anodization of Ta into Ta,0s, the Ta,O; filled into the
nanochannels of the PAA mask under a high electrical field.
Subsequently, the PAA mask was selectively etched with 5%
phosphoric acid, yielding Ta,Os nanorod arrays. Finally, the
Ta,0s5 nanorod arrays were nitrided into Ta;Ns nanorod arrays
under a heated NH; flow. The whole fabrication process and
the SEM images of typical Ta;N5 nanorod arrays are shown in
Fig. 11.

b. Photoanodes

Photoanodes consisting of n-type semiconductors evolve oxygen
at the interfaces between the photoanodes and electrolytes. The
photoexcited holes generated in an n-type semiconductor migrate
to the interface and oxidize water to oxygen. Therefore, the

(A)
a)
Al Al anodization
e)  Ta,N,
d) Ta, O,

Selective etching
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surface of the photoanode is likely to be oxidized. Appropriate
surface modifications catalysing the oxygen evolution reaction
are thus required to obtain a high photocurrent and stability.
Fig. 12 shows the current-potential curves of LaTiO,N
photoanodes in a 1 M aqueous Na,SO, solution at pH = 13.5.*>
This photoelectrode was prepared by the particle transfer
method using Ta and Ti layers as the contact layer and
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Fig. 12 Current—potential curve of IrO,-loaded LaTiO,N electrodes with
a Ta contact layer between the LaTiO,N particles and the Ti conductor
layer: the electrolyte was a 1 M aqueous Na,SO4 solution with pH = 13.5,
adjusted by the addition of NaOH. Simulated sunlight (AM1.5D) was turned
on and off with a periodicity of 6 s. The electrode potential was swept in
the positive direction at a rate of 10 mV s~%. Reproduced from ref. 45 with
permission from The Royal Society of Chemistry. © Royal Society of
Chemistry 2013.

Ta anodization

Ta,05 in PAA

54800 5.0KV x50.0k SE(M)

Fig. 11 (A) Schematic of the fabrication process and (B) SEM images of an array of vertically aligned TasNs nanorods.*” ©2013 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.
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conductor layer, respectively.*” The surface of the photoanode
was modified with IrO, as an oxygen evolution catalyst. The
anodic photocurrent was observed below 0 V vs. RHE. This
indicates that the potential of the conduction band minimum
of LaTiO,N was more negative than the equilibrium potential
of hydrogen evolution. The appearance of a photocurrent
below 0 V vs. RHE suggests that LaTiO,N has a band structure
appropriate for unassisted overall water splitting. When a PEC
system splits water by the energy of light alone, the potential of
the photoanode must be more negative than 0 V vs. RHE so that
a counter electrode can evolve hydrogen.

IrO, is one of the most active oxygen evolution catalysts.
However, the amount of Ir available on Earth is critically
limited. The Co species with phosphate (CoPi) has attracted
much attention as an oxygen-evolving catalyst.*® In foresight of
large-scale applications, the development of oxygen evolution
cocatalysts consisting of earth-abundant elements such as CoPi
is important.

c. Photocathodes

Photocathodes consist of p-type semiconductors and evolve
hydrogen at the interface between semiconductor particles
and electrolytes. In the case of photocathodes, a reduction
reaction takes place, so that the possibility of oxidative degra-
dation is lower than that for photoanodes. However, the
number of inherent p-type semiconductors is relatively small.
Most oxide, nitride, and sulphide semiconductors are n-type,
likely because of anion defects. Certain Cu-based chalcogenides
exhibit p-type conductivity and a promising performance in
photovoltaic applications.

Fig. 13 shows the current-potential curves of CuGaSe, photo-
electrodes prepared by MBE on a Mo-coated glass substrate.*®
The photoelectrode surface was modified with Pt to catalyse the
hydrogen evolution reaction. A cathodic photocurrent due to
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L Light{)FF
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Fig. 13 Current—potential curves for Pt/CuGaSe, and Pt/CdS/CuGaSe,
electrodes. 0.1 M Na,SO, aq. (pH 9), 300 W Xe lamp, 5 mV s~*. Reprinted
with permission from ref. 26. ©2013 American Chemical Society.
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hydrogen evolution was observed below ca. 0.7 V vs. RHE. With
the deposition of 40 nm-thick CdS on CuGaSe,, the cathodic
photocurrent was markedly enhanced. CdS is an n-type semi-
conductor and can form a good p-n heterojunction with
CuGaSe,. The band-bending initiated in CdS on CuGaSe, is
the key to enhancing the photocurrent. An analogous attempt
has been made for an n-type photoelectrode. CaFe,O, is a
unique p-type semiconductor. When an n-type TaON photo-
electrode was coated with CaFe,0,, the photocurrent due to
oxygen evolution was enhanced.”® Such utilization of p-n
heterojunctions is effective in improving the onset potential
of the photocurrent.

H, evolution catalysts on photocathodes are usually Pt
because of the high catalytic activity, i.e., the high exchange
current for the hydrogen evolution reaction. However, Pt is a
precious metal and should be replaced by an abundant material.
MoS, doped with transition metals is one candidate for an
alternative H, evolution catalyst.””

It is difficult to obtain a photocathodic current at the equili-
brium potential of oxygen evolution (1.23 V vs. RHE) using p-type
photoelectrodes, as the valence band maximum of most currently
available p-type semiconductors is more negative than that
potential. Consequently, they cannot split water in a single step
since the potential of the counter electrode is not positive enough
to evolve oxygen from water. To split water only by the energy of
light using p-type photoelectrodes, a combination with n-type
photoelectrodes and/or photovoltaic cells is required. The two-
step system can split water without electrical power if the photo-
currents of the photoanode and photocathode are balanced at a
certain potential.

7. Conclusion

This tutorial review presented the fundamental aspects of
photocatalytic and PEC water splitting for conversion of solar
energy into hydrogen. To achieve unassisted water splitting
using a single semiconductor material, the band gap of the
semiconductor must straddle the reduction and oxidation
potentials of water so that photoexcited electrons and holes
have sufficient overpotential for the hydrogen and oxygen
evolution reactions, respectively. Non-oxide materials such as
(oxy)nitrides, oxysulphides, and chalgogenides are potential
candidates for solar water splitting because the valence band
edge is shifted negatively and thus they overcome the problem
of large overvoltage loss of oxygen evolution on oxide semi-
conductors. Z-scheme and tandem systems based on multi-step
photoexcitation liberate the semiconducting materials from
thermodynamic limitations and enable the application of a
variety of materials to unassisted water splitting. However, the
suppression of backward reactions and matching of activity for
hydrogen evolution and oxygen evolution under operating
conditions are important. Fine-tuning of reaction conditions
and construction of redox-free Z-scheme systems are possible
solutions. In practice, surface modifications are essential in
facilitating the charge separation and the surface reaction
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kinetics, which also improve the durability of photocatalytic
and PEC systems for water splitting. The photocatalytic activity
of non-oxide materials is likely limited by the hydrogen evolu-
tion process considering the kinetic enhancements by hydrogen
evolution cocatalysts and oxygen evolution cocatalysts. Never-
theless, the development of oxygen evolution photocatalysts is
important for non-oxide materials, particularly for water oxida-
tion, because non-oxides are thermodynamically less stable than
oxides in systems involving oxygen and/or water. The reactivity of
photoexcited holes should be controlled kinetically. Having
fewer grain boundaries and shorter migration distances for
photoexcited carriers is important for deriving the potential of
semiconductors in PEC water splitting. The particle transfer
method and vertically aligned nanorods are promising options.
Additionally, the development of p-n junctions assists charge
separation in PEC water splitting.

The target of solar energy conversion efficiency by photo-
catalytic and photoelectrochemical water splitting was set at
10%.% Photocatalysts and photoelectrodes should be active for
water splitting under irradiation up to 600 nm or even longer to
achieve a sufficient solar energy conversion efficiency at a
reasonable quantum efficiency. In the long term, the develop-
ment of semiconductors active even under red and near-
infrared rays will become important. Researchers working on
semiconductor materials and catalysts for water splitting are
responsible for achieving adequate performance in solar-to-
hydrogen conversion, because there are also many challenges
in separation, purification, transportation, and utilization of
solar hydrogen fuel as well as in scale-up. All the above-
mentioned research fields are essential to establish a sustain-
able society based on solar hydrogen.
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