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Abstract

Overall water splitting using a semiconductor photocatalyst
with sunlight has long been viewed as a potential means of
large-scale H, production from renewable resources. In general,
the reaction can be accomplished when a photocatalyst is
modified with a suitable cocatalyst that efficiently promotes
water reduction. It is therefore essential to develop both photo-
catalysts and cocatalysts in harmony. Certain metal (oxy)-
nitrides are potential candidates as water-splitting photo-
catalysts because of their suitable band edge positions for
water reduction/oxidation, small band gaps (<3eV), and
stability under irradiation. However, efficient water splitting
using visible-light-responsive oxynitrides has still remained a
challenge. This account describes our recent developments over
the last 10 years of new oxynitrides as well as cocatalysts for
overall water splitting under visible light.
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heterogeneous photocatalysis and photoelectrochemistry for water splitting.

1. Introduction

1.1 Research Background. The production of H, from
water and sunlight using heterogeneous semiconductor photo-
catalysts is a promising means of addressing the depletion of
fossil fuels and the serious environmental problems accom-
panying their combustion.!”!” Water splitting into H, and O,
(eq 1) is a typical “uphill reaction”, involving a large positive
change in the Gibbs energy (AG°® = 238kJmol ™).

H,0 — H, + 1/20, (1)

This research was initially triggered by the demonstration of
photoelectrochemical (PEC) water splitting using a single-
crystal TiO, (rutile) photoanode and a Pt cathode with a chemi-
cal bias, which is well known as the Honda—Fujishima effect.!!
So far, numerous PEC cells have been developed, many of
which were designed specifically for the efficient utilization of
solar energy.*%1%1213 Dye to the lack of suitable photoelec-
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trode materials with appropriate band-gap structures and sta-
bility, however, the PEC systems developed to date have been
rather complicated, such as integrated multilayer and tandem
systems.

Overall water splitting for H, production on a semiconductor
particle, similar in many ways to the photosynthetic reaction,
has been studied since 1980.141 According to our assessment,
it was suggested that for practical future applications, an area of
250000 km?, corresponding to 1% of the earth’s desert area,
would be required to provide one-third of the projected energy
needs of human society in 2050 from solar energy, assuming
a conversion efficiency of 10% and an integrated solar energy
of AM1.5G (1 sun= 100mWcm™2) irradiation for a day
including a sunlight-angle correction.!” Although a method for
separating the simultaneously produced H, and O, remains to
be developed, particulate photocatalyst systems have a wider
range of potential applications from the viewpoint of such
large-scale hydrogen production.

1.2 Basic Principles of Water Splitting on a Semicon-
ductor Particle. Figure 1 illustrates the basic principle of
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Figure 1. Schematic energy diagram of overall water

splitting on a semiconductor photocatalyst. V.B. and C.B.
mean valence band and conduction band, respectively. E,
indicates the band-gap energy of a semiconductor photo-
catalyst.
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overall water splitting on a semiconductor particle. When a
semiconductor photocatalyst absorbs light energy equivalent to
or greater than the band gap of the photocatalyst, electrons in
the valence band are excited into the conduction band, leaving
holes in the valence band. The photogenerated electrons and
holes cause reduction and oxidation reactions, respectively. To
achieve overall water splitting into H, and O,, the conduction
band minimum (CBM) must be more negative than the reduc-
tion potential of H™ to H, (0V vs. NHE at pH 0), while the
valence band maximum (VBM) must be more positive than the
oxidation potential of H,O to O, (1.23 V vs. NHE). Therefore,
the minimum photon energy thermodynamically required to
drive photocatalytic water splitting is 1.23 eV, which corre-
sponds to a wavelength of ca. 1000nm. Accordingly, it is
essentially possible to utilize the entire spectral range of visible
light (400 < A < 800nm). However, there is an activation
barrier in the charge-transfer process between the solid photo-
catalyst and water molecules, requiring a photon energy greater
than the band gap of the photocatalyst to drive the overall
water-splitting reaction at a reasonable rate. As will be de-
scribed later, cocatalysts play a vital role in the charge-transfer
reaction at the solid-liquid interface. In addition, backward
reactions of thermodynamically more oxidizable and reducible
products (e.g., water formation from H, and O;), must be
strictly inhibited, and the photocatalysts themselves need to
work stably in the reaction. Furthermore, although there are a
large number of materials that possess suitable band-gap
potentials, there are very few that function as photocatalysts
for overall water splitting, due to other factors that will be
discussed below.

1.3 Factors Affecting Photocatalytic Activity. As shown
in Figure 2, overall water splitting on a semiconductor photo-
catalyst, typically with the size of several hundreds of
nanometers to several micrometers, occurs in three steps: (1)
the photocatalyst absorbs light energy greater than the band-gap
energy of the material, generating photoexcited electron-hole
pairs in the bulk material, (2) the photogenerated carriers sepa-
rate and move to the surface without recombination, and (3)
adsorbed species undergo reduction and oxidation by reaction
with the photogenerated electrons and holes to produce H, and
0O,, respectively. The first two steps depend strongly on the
structural and electronic properties of the semiconductor photo-
catalyst. High crystallinity in general has a positive impact on

2 S

Photocatalyst ;

Figure 2. Processes involved in photocatalytic overall water splitting on a semiconductor particle. A schematic illustration of
electron transfer from a photocatalyst to the loaded cocatalyst (Process I) and H, evolution (Process II) in the reaction is also shown.
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activity, because the density of defects, which serve as
recombination centers between photogenerated electrons and
holes, decreases with increasing crystallinity. One can also
enhance photocatalytic activity by reducing the particle size of
a photocatalyst, because the diffusion length for photogener-
ated electron—hole pairs can be shortened. On the other hand,
the third step is promoted by a cocatalyst loaded on the
photocatalyst surface. The cocatalyst is typically a noble metal
(e.g., Pt, Rh) or transition metal oxide (e.g., NiO,, RuO,) and
is loaded onto the photocatalyst surface as a dispersion of
nanoparticles (typically <50 nm in size) to produce active sites
and reduce the activation energy for gas evolution.>*!7 In most
cases, cocatalysts are loaded for the promotion of H; evolution,
presumably because most photocatalysts are unable to activate
hydrogen on the surface. As illustrated in Figure 2, the loaded
cocatalysts extract photogenerated electrons from the photo-
catalyst (process I) and host active sites for gas evolution
(process II). Therefore, the overall efficiency of a given photo-
catalytic system is dependent on the loaded cocatalyst. In
particular, the structural characteristics and intrinsic catalytic
properties of a cocatalyst for H, (or O,) evolution are impor-
tant. For example, Pt is well known as an excellent reduction
catalyst of protons to form H, molecules. However, a photo-
catalyst modified with a Pt cocatalyst does not always show the
highest activity among analogues loaded with other metals
(e.g., Ru and Rh). This suggests that the contribution of process
(D) to the overall efficiency can be more important than that of
process (II). For example, Ru-loaded TaON was reported to
give a much higher activity for H, evolution from aqueous
methanol solution than a Pt-loaded one.'® Because no report
has yielded a systematic understanding of which process, I or
II, is more important in a specific case, one must consider both
processes when designing an efficient photocatalytic system. It
is thus important to design both the bulk and surface properties
of the material carefully so as to obtain a high activity for
photocatalytic overall water splitting.

Since overall water splitting is generally difficult to achieve
due to the uphill nature of the reaction, photocatalytic activities
of a given compound for water reduction or oxidation are
usually examined individually in the presence of methanol or
silver nitrate as a sacrificial reagent. Reactions using sacrificial
reagents are not “overall” water-splitting reactions, but are
often carried out as test reactions for overall water splitting.
The basic principle of photocatalytic reactions using sacrificial
reagents is displayed schematically in Figure 3. When the
photocatalytic reaction is conducted in the presence of an
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Figure 3. Basic principle of photocatalytic reactions in the
presence of sacrificial reagents.
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electron donor such as methanol, photogenerated holes in the
valence band irreversibly oxidize methanol instead of H,O,
thus facilitating water reduction by conduction band electrons
if the bottom of the conduction band of the photocatalyst is
located above the water reduction potential. On the other hand,
in the presence of an electron acceptor such as a silver cation,
photogenerated electrons in the conduction band irreversibly
reduce electron acceptors instead of H™, thereby promoting
water oxidation by valence band holes if the top of the valence
band of the photocatalyst is more positive than the water oxida-
tion potential. However, it should be noted that the ability of a
photocatalyst to both reduce and oxidize water separately does
not guarantee its capability to achieve overall water splitting
without sacrificial reagents.

1.4 (Oxy)nitrides as Visible-Light-Driven Photocatalysts.
Development of a photocatalyst that splits water efficiently
under visible light (4 > 400nm) is necessary from the view-
point of solar energy utilization. The major obstacle to the
development of powder photocatalysts has been the lack of a
photocatalyst that satisfies the following three requirements: (1)
a band gap smaller than 3 eV, (2) band-edge potentials suitable
for overall water splitting, and (3) stability in the photocatalytic
reaction. Many metal oxides have already been reported to
work as highly efficient photocatalysts for overall water split-
ting with apparent quantum yields (AQYs) of several tens of
percent.!*23 However, most of them essentially work under
UV irradiation due to their large band gaps (>3 eV).

In the development of such a photocatalyst, it is especially
important to control the band structure. In UV-active metal
oxide photocatalysts, the CBM, which consists mainly of emp-
ty transition-metal d orbitals, is located at a potential slightly
more negative than 0V (vs. NHE) at pH 0, and the VBM,
consisting of O2p orbitals, is more positive than 3 V.** This
situation creates a band gap of the metal oxide material that is
too large to harvest visible light, although there are several
examples of metal oxides showing visible-light water reduc-
tion/oxidation activities.>® Nevertheless, it suggests that metal
oxide photocatalysts have enough potential to oxidize water,
judging from the difference between the oxidation potential
of H,O into O, (1.23V vs. NHE) and the VBM (ca. 3V vs.
NHE).

Since the N2p orbital has a higher potential energy than the
O2p orbital, using a metal nitride or oxynitride as a photo-
catalyst is of interest. It is noted that this type of material differs
from materials doped with nitrogen,® because nitrogen is
contained as the principal anionic component and forms not an
impurity level but a constituent valence band. Figure 4 shows
the schematic band structures of a metal oxide (NaTaOs;) and
oxynitride (BaTaO,N), both of which have the same perovskite
structure. The VBM for the metal oxide consists of O2p
orbitals. When N atoms are partially or fully substituted for
O atoms in a metal oxide, the VBM of the material is expected
to shift higher compared to the corresponding metal oxide,
without affecting the CBM. As expected, density functional
theory (DFT) calculations for BaTaO,N have indicated that the
VBM consists of hybridized N2p and O2p orbitals, whereas
the CBM is mainly composed of empty Ta5d orbitals.> The
potential of the VBM for the oxynitride lies at higher potential
energy than that for the corresponding oxide material due to the
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Figure 4. Schematic band structures of a metal oxide
(NaTaOj3) and metal (oxy)nitride (BaTaO,N).
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Figure 5. UV-visible diffuse reflectance spectra for (oxy)-
nitrides containing Ti**, Nb>*, and Ta’*.

contribution of N2p orbitals, making the band gap energy suffi-
ciently small to respond to visible light (<3 eV).

1.5 Early Work. Some particulate (oxy)nitrides containing
early transition-metal cations are stable and non-toxic materi-
als, and can be readily obtained by nitriding a corresponding
metal oxide powder. They have recently attracted attention as
chemically stable (except in strong acids), non-toxic inorganic
pigment alternatives to chalcogenides-based pigments.?® Our
group has been developing (oxy)nitrides as photocatalysts for
water splitting under visible light.> Since the initial reports
published in 2002, a variety of (oxy)nitrides with d°
electronic configurations have been reported as candidates for
photocatalytic water splitting under visible light3! Figure 5
shows UV-visible diffuse reflectance spectra of some d’-
(oxy)nitrides. It is clear that these (oxy)nitrides possess absorp-
tion bands at 500-750 nm, corresponding to band gaps of 1.7—
2.5eV that are estimated from the onset wavelengths of the
absorption spectra. Under visible-light irradiation, they are
capable of producing H;, and O, individually in the presence of
suitable electron donors and acceptors, respectively, without
noticeable degradation. However, overall water splitting using
these d’-(oxy)nitrides was not achieved until 2005, as men-
tioned in the latter section. Therefore, overall water splitting on
a semiconductor particle by visible light had been once
described as one of the “Holy Grails” of chemistry.?
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1.6 Scope of This Account. Owing to recent rising interest
in photocatalytic water splitting, many reviews and accounts
have been published.'° In order to avoid redundant discussion
in the present account, the authors will focus on photocatalyst
and cocatalyst materials developed by the same authors’ group
in the last 10 years toward efficient water splitting under visible
light. In the next section, solid solutions of GaN and ZnO are
introduced as the first successful example of a visible-light-
responsive photocatalyst that is active for overall water spli-
tting. Next, the discussion moves to a description of how the
photocatalytic activity of GaN:ZnO solid solutions can be
improved, with a focus on cocatalysts to promote the water
reduction process. In the last section, activation of d’-type
oxynitrides that aims to utilize more visible photons is
discussed.

2. GaN:ZnO Solid Solutions

2.1 Development of (Oxy)nitrides with d'’ Electronic
Configuration. In terms of electronic band structure, d'°-
semiconductors containing typical metal cations have an
advantage as photocatalysts, compared to materials with d°
electronic configurations.>* The VBM of transition metal
oxides with a d° electronic configuration consists of O2p
orbitals, while the CBM is composed of empty d orbitals of the
transition metals. In typical metal oxides with a d!® electronic
configuration, however, the CBM consists of hybridized s,p
orbitals of the metals, although the VBM is essentially formed
by O2p orbitals. The hybridized s,p orbitals have large disper-
sion, increasing the mobility of photogenerated electrons in the
conduction band and promoting photocatalytic activity.*

Inspired by this hypothesis, (oxy)nitrides with a d'* elec-
tronic configuration are of interest as potentially efficient
photocatalysts for overall water splitting, and B-Ge;N4 modi-
fied with RuO, nanoparticle cocatalysts was found to function
as a photocatalyst for overall water splitting.** This was the
first example of a non-oxide photocatalyst capable of splitting
pure water into H, and O,. Follow-up studies have investigated
effects of post-treatment to enhance the activity of f-Ge;N4 and
its photocatalytic properties.>>3¢ The relationship between the
structural characteristics and the photocatalytic performance of
B-GesNy has also been investigated.” Unfortunately, the band
gap of B-Ge;Ny is approximately 3.8 eV, which is sensitive only
to ultraviolet light.3

2.2 Initial Concept for Developing GaN:ZnO Solid
Solutions. To devise a new d'’-(oxy)nitride with a visible-
light response, we focused on gallium nitride (GaN), which is
well known as a light-functional material for applications in
light-emitting diodes and laser diodes. Although the VBM and
CBM straddle the water reduction/oxidation potentials, its
large band gap (ca. 3.4¢eV) restricts its use of visible pho-
tons.3¥*0 Nevertheless, we believed that this situation could be
overcome by the following strategy. For II-VI semiconductors
containing Zn2p ions as a principal component (e.g., ZnAl,0y),
it has been reported that a repulsive interaction between O2p
and Zn3d orbitals shifts the VBM upward without affecting
the CBM.*' Similarly, we thought that p—d repulsion may
occur when a Zn(II) compound is incorporated into the GaN
lattice, causing the VBM formed by the N2p atomic orbitals to
rise to a higher potential energy (i.e., N2p—Zn3d repulsion),
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narrowing the band gap for GaN. The expected band struc-
ture of GaN:ZnO solid solution is illustrated in Figure 6A.
Because both GaN and ZnO have wurtzite structures with
similar lattice parameters,*>** a solid solution can be formed
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0 4T
E,: 3.4 eV E, < 3.4 eV E,: 3.2 eV
+1
0,/H,0 p-d repulsion!?
+21 —
N2p
+
+31 VB.=——= Zn3d, 02p
—N2p — -
GaN-ZnO
GaN solid solution

B
(200

(~ )

Ga source
(e.g., Ga,05, ZnGa,0,)

Nitridation
(1123~1223 K)

GaN-ZnO
solid solution

Zn0 GaN-znO GaN

solid solutions

Figure 6. (A) Schematic illustration of the expected band
structure of GaN-ZnO solid solution and (B) preparation
scheme of the solid solution.

B

between the two. In this context, we chose ZnO as the paired
compound for GaN to form a solid solution with visible-light
response.

2.3 Synthesis of GaN:ZnO Solid Solutions. Preparation of
the solid solution was first attempted by nitriding a mixture of a
proper Ga source (e.g., Ga;03) and ZnO under a flow of ammo-
nia at ca. 1223 K.*** As shown in Figure 6B, the as-obtained
products were yellow powders, depending on the preparation
conditions. The yellow color clearly indicates visible-light
absorption by this material, consistent with the initial hypoth-
esis. Elemental analysis by inductive coupled plasma optical
emission spectroscopy (ICP-OES) revealed that the ratios of Ga
to N and Zn to O were close to 1, and that the nitrogen and
oxygen concentrations increased with increasing gallium and
zinc concentrations. X-ray diffraction (XRD) and neutron
powder diffraction analyses indicated that the prepared samples
are wurtzite solid solutions of GaN and ZnO with no interstitial
sites and no large disorder in the material 4

Based on these structural characterizations, it was concluded
that the obtained material was indeed a solid solution of GaN
and ZnO. The ideal composition of the solid solutions can be
expressed as (Ga;_,Zn,)(N;_,Oy), although the real composi-
tions are somewhat deviated from the ideal one.** In this
article, they are termed GaN:ZnO for simplicity. The specific
compositions can be found in the cited literature.

2.4 The Origin of Visible-Light Response of GaN:ZnO
Solid Solutions.  Taking into account the large band-gap
energies of GaN and ZnO (>3¢eV), it was believed that the
band gap of the solid solution should exceed 3 eV, despite the
formation of the solid solution, as mentioned above. Interest-
ingly, however, the GaN:ZnO solid solution had absorption
edges in the visible region. Figure 7A shows UV-visible
diffuse reflectance spectra of several GaN:ZnO samples with
different compositions. The absorption edge shifted to longer
wavelengths with increasing Zn and O concentrations in
GaN:ZnO, clearly indicating that the visible-light response
originated from the ZnO component in the material. The band-
gap energies of the solid solutions were estimated to be 2.4—
2.8 eV based on the diffuse reflectance spectra.

Initially, we thought that the origin of the visible-light
absorption was the band-gap narrowing of GaN due to p—d
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Figure 7. (A) Diffuse reflectance spectra of GaN:ZnO solid solutions with different compositions and (B) expected energy level
diagrams for impurity levels in undoped GaN, Zn-doped GaN, and GaN-rich GaN:ZnO solid solutions.
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(B) Dependence of water-splitting activity of RuO,/GaN:ZnO on the wavelength of incident light. Reproduced from refs 44
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repulsion between Zn3d and N2p electrons in the upper part of
the valence band.***® However, our follow-up studies on the
electronic structure of GaN-rich GaN:ZnO using photolumi-
nescence spectroscopy and DFT calculations suggested that
this material absorbs visible light via electron transitions from
the Zn acceptor level to the conduction band while maintain-
ing the band-gap structure of the host GaN, as illustrated in
Figure 7B.#7*® Because the concentration of Zn in GaN:ZnO is
relatively high, the acceptor level, which is filled with electrons
derived from O donor levels (or thermal excitation), is likely
to behave as an impurity band with a high density of states.
Electrons can thus be transferred from the Zn acceptor level to
the conduction band by visible-light absorption.

2.5 Relationship between Structure and Activity. The
as-prepared GaN:ZnO exhibited little photocatalytic activity
for water decomposition even under UV irradiation. However,
modification by nanoparticulate cocatalysts that work as H,
evolution sites (e.g., RuO, and NiO) resulted in clearly
observable H, and O, evolution. Figure 8A shows a typical
time course of overall water splitting on GaN:ZnO loaded with
5wt % RuO, under visible irradiation (1 > 400 nm). No reac-
tion took place in the dark, while both H, and O, evolved
steadily and stoichiometrically upon visible-light irradiation. It
has been reported that O, evolution occurs on a ZnO electrode
as a result of degradation when employed as a photoanode for
water oxidation in a PEC cell.’° In this case, it was confirmed
through '80-isotopic H,O cleavage experiments that the ob-
served O, evolution on the solid solution was due to water
oxidation, and the XRD pattern of the sample remained
unchanged after the reaction. Figure 8B shows the dependence
of the rate of H, and O, evolution on the wavelength of
incident light. The H, and O, evolution rates both decreased
as the cutoff wavelength increased. The longest wavelength
available for the water-splitting reaction was 460 nm, corre-
sponding to the absorption edge of the catalyst. These results
indicate that GaN:ZnO functions as a stable photocatalyst for
overall water splitting under visible light.

In general, the photocatalytic activity of conventional metal
oxide photocatalysts for overall water splitting is known to
depend strongly on the crystallinity and particle size of the
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material, as determined by the preparation conditions.® There-
fore, investigating the physical factors that govern photo-
catalytic activity is an important and indispensable issue in the
development of highly active photocatalysts. We thus inves-
tigated how the physicochemical properties of GaN:ZnO and
preparation conditions affect photocatalytic activity for overall
water splitting *>:49-31:52

As illustrated in Figure 6B, the material could be readily
prepared by nitriding a mixture of ZnO and an appropriate Ga-
source at temperatures above 1123 K under a flow of NHj. It
was found that the addition of ZnO to the starting material
promotes crystallization of GaN:ZnO and controls the zinc
conccentration, thereby improving activity. Accompanied with
the crystallization, the concentration of ZnO tended to decrease.
The release of ZnO from GaN:ZnO during the preparation
process occurred as a result of reduction of Zn>* cations and
subsequent volatilization of Zn, generating defects and/or
vacancies in the final product, which reduced photocatalytic
activity.*4%3! This situation was more pronounced when the
synthesis was conducted under harsh conditions such as high
temperatures and extended durations. By adjusting the nitrida-
tion conditions and the ratio of ZnO to the Ga source, it is
possible to obtain a material with optimal crystallinity and
atomic composition for overall water splitting under visible
light. Structural analyses uncovered that the photocatalytic
activity of GaN:ZnO for overall water splitting depends on the
crystallinity and composition of the material, regardless of the
kind of starting materials.*>**>!52 More information on the
preparation and performance of GaN:ZnO is available in our
review paper.?’

2.6 Photocatalytic Activities in the Presence of Sacrificial
Reagents. While most of the (oxy)nitride materials examined
to date exhibit visible-light photocatalytic activity for such half
reactions in the presence of a sacrificial reagent,” there are only
a few materials that are capable of splitting pure water under
visible light with sufficient reproducibility.® Since half reac-
tions are conducted as test reactions for overall water splitting,
comparison of the activities for the half reactions with those for
overall water splitting is of interest and is expected to provide
useful information for the development of efficient photo-
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Table 1. Photocatalytic activities of GaN:ZnO loaded with a transition-metal oxide and Cr oxide for overall water

splitting under UV irradiation (1 > 300 nm)»

Cocatalyst Activit): 1 Coloading Activity of coload_c;d
Entry /umol h amount of Cr catalysts/umol h
Element”  Loading amount/wt % H, 0, /Wt % H, 0,
1 None 0 0
2 Cr 1.0 0 0
3 Fe 1.0 0 0 1.0 73 36
4 Co 1.0 2.0 0 1.0 48 24
5 Ni 1.25 126 57 0.125 685 336
6 Cu 1.0 2.0 0 1.0 585 292
7 Ru 1.0 71 27 0.1 181 84
8 Rh 1.0 50 1.6 1.5 3835 1988
9 Pd 1.0 1.0 0 0.1 205 96
10 Ag 1.0 0 0 1.0 11 2.3
11 Ir 1.5 9.3 3.1 0.1 41 17
12 Pt 1.0 09 0.4 1.0 775 357

a) Catalyst (0.3 g); distilled water (370-400mL); light source, high-pressure mercury lamp (450 W); inner
irradiation-type reaction vessel made of Pyrex. b) Transition-metal species are expressed as metallic form for

simplicity. Reproduced from ref 58 with permission.

catalysts. However, no comparative study had been made for
visible-light-responsive photocatalysts.

Therefore, we conducted a systematic analysis of the
dependence of the activities of GaN:ZnO for H, and O,
evolution half reactions in the presence of sacrificial reagents
on structural properties, and the results are compared to the data
for overall water splitting.> GaN:ZnO evolved H, steadily
from an aqueous methanol solution when loaded with a proper
H; evolution cocatalyst, and evolved O, from an aqueous silver
nitrate solution without the aid of a cocatalyst. Structural
analyses indicated that the H, evolution activity depends
strongly on the crystallinity and composition of GaN:ZnO,
while the rate of O, evolution is proportionally related to the
specific surface area. The activity for H, evolution from a
methanol solution was of the same order as for overall water
splitting, but was an order of magnitude lower than that for O,
evolution from a silver nitrate solution. The results of photo-
catalytic reactions and PEC measurements suggested that the
rate-determining step for overall water splitting using GaN:
ZnO is the H, evolution process.

3. New Cocatalysts for Photocatalytic
Overall Water Splitting

3.1 Cr(III)-Containing Transition Metal Oxides. NiO,
and RuO, are the most used cocatalysts for many photo-
catalysts, and no cocatalyst more effective than NiO, or RuO,
was found until 2006. It was reported by Domen et al. in 2000
that the photocatalytic activity of Ni-loaded K,;La,TizO, for
overall water splitting could be improved by coloading with Cr,
while modification with Cr alone did not result in appreciable
evolution of H, or O,.>* This result suggested that the increase
in activity was attributable to interaction between Ni and Cr
in the cocatalyst, motivating further investigation of Cr as a
cocatalyst in combination with other transition metals.

We thus examined mixed transition metal oxides containing
Cr as new cocatalysts for overall water splitting on GaN:
Zn0.>>>° In a typical preparation, a coimpregnation method
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was performed by suspending 0.3-0.4 g of GaN:ZnO powder
in an aqueous solution containing an appropriate amount of
Cr(NO3)3-9H,0 and the nitrate (or chloride) of the paired
metal. The solution was then evaporated to dryness over a
water bath followed by calcination in air at 623 K for 1 h. In the
case of Ni or Ni—Cr cocatalysts, the impregnated material was
reduced by exposure to H, (20kPa) at 573K for 2h then
oxidized by exposure to O, (10kPa) at 473K for 1h in a
closed gas circulation system to produce a Ni/NiO (core/shell)
structure.®

As listed in Table 1, the photocatalytic activity of various
transition-metal-loaded catalysts was markedly improved by
coloading with Cr. All of the examples except for the Ag—Cr
system achieved stoichiometric evolution of H, and O, from
pure water. It should be noted that even though loading with Fe,
Co, Cu, Pd, or Ag alone did not activate GaN:ZnO for overall
water splitting, coloading with Cr and one of these inactive
metal components resulted in measurable photocatalytic activ-
ity. Coloading Cr probably facilitated charge transfer from the
bulk GaN:ZnO to the cocatalyst, and/or promoted the crea-
tion of catalytic gas-evolution sites on the cocatalyst surface.
The largest improvement in activity was obtained by loading
GaN:ZnO with a combination of 1.0wt % Rh and 1.5wt % Cr.
The activity of this catalyst system was two orders of mag-
nitude higher than for catalysts loaded with 1.0 wt % Rh under
the same reaction conditions.

The photocatalytic activity of GaN:ZnO loaded with Cr
and Rh was also found to be dependent on the calcination
temperature after impregnation. The sample prepared without
calcination did not produce H, or O,. The rates of H, and O,
evolution increased significantly with increasing calcination
temperature to a maximum at 623 K, beyond which the activity
of the samples began to decrease. The structural changes
undergone by the catalyst in the various treatment steps were
investigated by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), energy-dispersive X-ray
analysis (EDX), X-ray photoelectron spectroscopy (XPS), and
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Figure 9. Structural changes undergone by GaN:ZnO modified with Rh and Cr species in the various treatment steps, which were
investigated by SEM, TEM, EDX, XPS, and XAFS. Reproduced from ref 57 with permission. Copyright 2006 American Chemical

Society.

X-ray absorption fine-structure spectroscopy (XAFS), and are
depicted schematically in Figure 9. The results indicated that
the activity of GaN:ZnO modified with Rh and Cr species is
strongly dependent on the generation of trivalent Rh—Cr mixed
oxide (Rh,_,Cr,O3) nanoparticles (10-30nm in size) with
optimal composition and distribution.>’

3.2 Unique Properties of Rh;_,Cr,O3; as a Cocatalyst.
The performance of Rh,_,Cr,03-loaded GaN:ZnO for overall
water splitting was an order of magnitude higher than that ob-
tained by the previously optimized catalyst consisting of a
conventional RuO, cocatalyst.>® Results of photocatalytic reac-
tions using sacrificial regents (i.e., methanol and silver nitrate)
indicated that the Rh,_,Cr,03 cocatalyst loaded on GaN:ZnO
functioned not as an O, evolution site but rather as a H,
evolution site, and that it was more efficient than RuO,.
Considering the inactivity of bare GaN:ZnO for H, evolution
and appreciable activity for O, evolution in the presence of
sacrificial reagents, the relatively slow step for overall water
splitting on GaN:ZnO is considered to be the water reduction
process. Therefore, one of the reasons for the improvement in
photocatalytic activity achieved by modification of GaN:ZnO
with Rh,_,Cr, O3 is the promotion of the H, evolution reaction,
that is, an increase in the activity of the rate-determining step
for overall water splitting. This is consistent with the results
of photocatalytic H, and O, half reactions using different
GaN:ZnO samples.>

It is known that gaseous O, can suppress water splitting over
a photocatalyst, as exemplified by NiO-loaded SrTiOj3 (ref 60),
Pt-loaded TiO, (ref 61), and ZrO, (ref 62). This is because
0, molecules can act as electron acceptors that react with
photogenerated electrons in the conduction band of a photo-
catalyst. The thus-reduced O, species (e.g., *O,7) are presum-
ably oxidized by the valence band holes, thereby lowering the
utilization efficiency of photogenerated charge carriers for
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water splitting. This phenomenon is known as photoreduction
of O,. We found that RuO,-loaded GaN:ZnO reductively
reacted with O,, thereby lowering the rate of H, evolution.
Interestingly, however, O, photoreduction on Rh,_,Cr,0s-
loaded GaN:ZnO was negligibly slow, which should contribute
to the higher activity of the Rh,_,Cr,O3-loaded sample than
that of the RuO, sample.’® The inertness of Rh,_,Cr,0;-loaded
GaN:ZnO for the photoreduction of O, also suggests that the
photocatalyst is suitable for use at atmospheric pressure. In
fact, gas evolution from the reactant suspension dispersed with
Rh;_,Cr;O3-loaded GaN:ZnO powder was observable as con-
tinuous bubbles at atmospheric pressure under irradiation by a
high-pressure mercury lamp via Pyrex glass.’> This is a very
useful property for the purpose of practical applications.

The Oo-insensitive character of Rh,_,Cr,03/GaN:ZnO
(more specifically Rh,_,Cr,O3 nanoparticles) in turn implies
high selectivity for H, evolution. In fact, Rh,_,Cr,0;/GaN:
ZnO produced H, and O, from an aqueous solution containing
NO;~ ions,® which are more susceptible to reduction than
protons (NO;~/NO,~, +0.40V; H"/H,, —0.41V vs. NHE at
pH 7). Stable H, evolution was also achieved using Rh;_,-
Cr,03/GaN:ZnO in an aqueous solution containing I™ ions as
electron acceptors.’® 103~ ions, produced as the oxidation
product of I~, have been reported to prevent the reduction of
H* (i.e., H, evolution) by reducing ahead of HT.°%% This
behavior is exemplified by the gradual decrease in the rate of
H, evolution on Pt-loaded anatase TiO, (ref 64) and TaON
powder® from an aqueous Nal solution as the reaction prog-
resses. The stable behavior of Rh,_,Cr,03/GaN:ZnO for H,
evolution in the presence of 1057 is another indication of high
selectivity of Rh,_,Cr, O3 for H, evolution. Rh,_,Cr,03/GaN:
ZnO was also demonstrated to split seawater to produce H,
and O, under visible light. More details on the photocatalytic
activities of Rh,_,Cr, O3 and RuO,-loaded ones, including the
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effects of electrolyte in the reactant solution, are described
elsewhere.®

The optimized Rh,_,Cr,03/GaN:ZnO achieved an AQY of
ca. 5.1% at 410nm for overall water splitting,'” at least an
order of magnitude greater than that achieved using a RuO,-
loaded analogue. The higher activity of Rh,_,Cr,03/GaN:ZnO
is a result of both the superior ability of Rh,_,Cr,O3 nano-
particles to host H, evolution sites and the inactivity for O,
photoreduction and H,—O, recombination, which are undesir-
able backward reactions that can occur during photocatalytic
water splitting. The rate of visible-light water splitting over
Rh;_,Cr,03/GaN:ZnO was demonstrated to remain unchanged
for 3 months (2160 h), producing H, and O, continuously in a
stoichiometric amount, although after 6 months of operation, a
50% loss of the initial activity occurred.®® Importantly, this
Rh;_,Cr,O; cocatalyst is also applicable to other photocatalytic
systems, such as TiO,, Ga,0;, GaN, and ZnO-ZnGeN, solid
solutions, to significantly enhance their photocatalytic water-
splitting rates, regardless of the electronic configuration or the
type of photocatalyst.3%67-%% By an in situ photodeposition
method using (NH4);RhClg and K,CrO,4 as precursors under
O,-free conditions, it is possible to modify not only GaN:ZnO
but also various semiconductors with Rhy_,Cr,05.%7% This
demonstrates the first example of the photodeposition of a
mixed metal oxide using photoactive semiconductors.

3.3 New Type of Cocatalysts: Core/Shell-Structured
Nanoparticles Consisting of Metal or Metal Oxide as the
Core and Cr,0; as the Shell.

3.3.1 Initial Concept for Designing the Core/Shell-
Structured Cocatalysts: Noble metals in general function
as efficient cocatalysts for H, evolution due to their high
exchange current density and low overvoltage for the H, evolu-
tion reaction. However, they also catalyze water formation
from H, and O, (a backward reaction of overall water splitting),
limiting their usefulness as cocatalysts for overall water
splitting on a particulate photocatalyst.°

We believed that the reverse reaction would be suppressed if
nanoparticulate noble metal cocatalysts could be coated by a
shell, forming a core/shell-like configuration. More specifi-
cally, we expected that the access of H, and O, molecules to
the noble metal core would be suppressed using a shell coat-
ing. As such a shell component, we turned our attention to
Cr,03, which was reported to function as a catalyst for some
hydrogen-related reactions (e.g., (de)hydration)’’”? and to be
deposited through a photochemical reduction process from
Cr(VI) species as the precursor. Photoreduction of Cr(VI) ions
over a semiconductor photocatalyst has been reported by
several researchers as a potential method for detoxification of
Cr(VI) species in environmental water.”> The thermodynamic
potential for the reduction of Cr(VI) into Cr(IIl) is more
positive than that for water reduction, meaning that reductive
deposition of Cr(III) species onto noble metals is possible when
a photocatalyst having band gap positions suitable for water
splitting is employed.

Note here that during the study of overall water splitting
by Rh,_,Cr,03/GaN:ZnO, we found that a small amount of
residual Cr(VI) species in Rh,_,Cr,03/GaN:ZnO initially dis-
solved in the reactant solution, which subsequently underwent
photoreduction into Cr(IIl) species.’® Because photoreduction
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of Cr(VI) did not occur on the surface of GaN:ZnO, we
concluded that photoreductive deposition of Cr(IIl) species
occurred on Rh,_,Cr,O3; nanoparticles. This experimental
observation inspired us to develop core/shell-structured nano-
particles consisting of a noble metal as the core and Cr,0; as
the shell.

3.3.2 Preparation, Characterization, and Functionality
of Noble-Metal/Cr,03 (Core/Shell) Nanoparticles: We
prepared noble-metal/Cr,O3 (core/shell) nanostructures on
GaN:ZnO through a stepwise photodeposition under oxygen-
free conditions.””> The scheme is shown in Figure 10A. First,
noble-metal nanoparticles were deposited using a proper metal
salt complex under band gap irradiation of GaN:ZnO (A > 400
nm). The as-prepared noble-metal/GaN:ZnO sample was then

Photocatalyst with noble- Photocatalyst with noble-
metal or metal-oxide metal (core) and Cr,05 (shell)
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Figure 10. (A) Schematic illustration of Cr,O; deposition
through the reduction of Cr(VI) ions (D and A indicate
electron donor and acceptor, respectively). (B) HR-TEM
images of GaN:ZnO with photodeposited Rh (left) before
and (right) after photodeposition of a Cr,0j shell. (C) Time
courses of overall water splitting under visible light (1 >
400nm) using GaN:ZnO modified with (left) Rh and
(right) core/shell-structured Rh/Cr,O3. Reproduced from
ref 17 with permission. Copyright 2010 American Chem-
ical Society.
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treated with K,CrO, in a similar manner. The final product was
washed thoroughly with distilled water and dried overnight
at 343 K.

TEM images of GaN:ZnO loaded with Rh nanoparticles
followed by treatment with K,CrOy4 and visible light are shown
in Figure 10B. The primary particle size of the introduced Rh
nanoparticles is 2-3 nm, with some aggregation to form larger
secondary particles. On the other hand, the TEM images of the
samples after K,CrO4 treatment show that the noble-metal
nanoparticles are coated with a shell layer about 2 nm thick to
form a core/shell nanostructure. It should be noted that the
shell thickness is almost constant (ca. 2 nm), regardless of the
kind of noble-metal nanoparticle or the size of such nano-
particles. Despite the fact that CrO,>~ is a strong oxidizing
reagent (i.e., it works as a strong electron acceptor), reduction
of CrO4*~ ions on GaN:ZnO did not occur due to the lack of
adsorption sites.”> This allows for the selective reduction of
CrO4>~ ions on Rh, which acts as an electron sink, resulting
in the successful preparation of Rh/Cr,0O3 (core/shell) nano-
particles on GaN:ZnO. In the case of Rh as the core, it was
confirmed by XAFS and XPS that the core and the shell consist
of metallic Rh and Cr,03, respectively.

Figure 10C shows time courses of water splitting using
some GaN:ZnO samples under visible light (1 > 400 nm). Rh-
loaded GaN:ZnO exhibited little photocatalytic activity for
overall water splitting even for extended periods of irradiation,
most likely due to rapid water formation on Rh nanoparticles.
However, GaN:ZnO loaded with the Rh-core/Cr,Os-shell
nanoparticles exhibited stoichiometric H, and O, evolution
from pure water, indicating the occurrence of overall water
splitting. Addition of the Rh-loaded sample to the reactant
suspension containing the Rh/Cr,Os-loaded one, however,
resulted in a marked decrease in the rates of both H, and O,
evolution. It is thus clear that water formation from H, and O,
on unmodified Rh nanoparticles occurs rapidly in the overall
water-splitting reaction, and that the suppression of water
formation is essential for achieving efficient evolution of H;
and O, in this system. It was confirmed that the use of other
noble metals, such as Pd and Pt, as a core with the Cr,O5 shell
in the same manner achieved the same function as observed
here for Rh.

The thickness of the Cr,O; shell deposited on the noble
metal core could be controlled by changing the initial concen-
tration of K,CrOy4 in the preparation process, although precise
control remained a challenge.”” With increasing the K,CrOy
concentration, the thickness of the Cr,O3 shell became thicker
and more homogeneous. After the thickness reached ca. 2 nm,
further shell deposition did not occur. The growth of the Cr,05
shell contributed directly to enhancement of the water-splitting
rate. The Cr,O;5 shell thickness was also dependent on the pH
of the solution in which the photoreduction of K,CrO, was
conducted.”® As a result, the water-splitting activity of samples
prepared at different pHs varied. When the deposition pH
ranged from 3.0 to 7.5, there was almost no change in activity,
with stoichiometric evolution of H, and O, under visible light.
As the pH decreased from 3.0 to 2.0, however, the rates of H,
and O, evolution both decreased significantly. TEM observa-
tions showed that, in the Rh-photodeposited GaN:ZnO treated
with K,CrO4 and visible light at pH 2.0, almost no shell forma-
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tion could be identified, in contrast to the sample treated at
pH 7.5. At pH below 3.0, the photoreduction of Cr(VI) ions
occurred. At this pH condition, the Cr(IIT) ions could not preci-
pitate as Cr(IIT) hydroxide or oxide. It is therefore concluded
that a relatively neutral pH is a better choice when coating
nanoparticulate cores with Cr,O3 shells.

It is very important to understand the reaction mechanism
at a molecular scale in order to design more efficient photo-
catalytic systems. The mechanism of H, evolution on core/
shell-structured nanoparticles was therefore investigated using
electrochemical and in situ spectroscopic measurements of
model electrodes that consisted of Rh and Pt plates with elec-
trochemically deposited 1.8- to 3.5-nm-thick Cr,03.”” For both
Cr,03-coated and bare electrodes, proton adsorption/desorp-
tion and H, evolution currents were observed, and an infrared
absorption band assigned to Pt-H stretching was apparent.
Therefore, the Cr,O3 layer did not interfere with proton reduc-
tion or H, evolution, and proton reduction took place at the
Cr,03/Pt interface, different from our initial expectations as
mentioned above. However, the reduction of oxygen was sup-
pressed only in the Cr,Os-coated samples. It was concluded
that the Cr,O3 layer was permeable to protons and evolved H,
molecules, but not to oxygen. The reaction mechanism of H,
evolution on core/shell-structured nanoparticles (with a noble
metal or metal oxide core and a Cr,Oj3 shell) in photocatalytic
overall water splitting is illustrated in Figure 11.

Another noticeable feature of this Rh/Cr,O3; (core/shell)
system is that Cr,0Oj; shell deposition only occurs up to a thick-
ness of ca. 2nm, and is independent of the Rh core size.”*”>
The reason for the inhibition of CrO4>~ reduction onto Cr,O;
shells of more than 2 nm in thickness still remains unclear, and
the detailed mechanism by which the Cr,Oj; shell is formed is
complex and needs further investigation. One possible explan-
ation for the self-limiting nature of the Cr,Oj3 shell formation is
the difference in reduction processes between Cr(VI)/Cr(IlI)
and H'/H,. It appears that the photoreduction of Cr(VI) into
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Figure 11. Reaction mechanism of H, evolution on core/
shell-structured nanoparticles (with a noble metal or metal
oxide core and a Cr,O; shell) in photocatalytic overall
water splitting. Reproduced from ref 17 with permission.
Copyright 2010 American Chemical Society.
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Cr(III) involving a complex 3-electron redox process’® is more

difficult than kinetically simpler processes, such as H* reduc-
tion. It has been reported by Bard et al. that electron tunneling
can take place across an electrochemically passivated oxide
layer with a thickness of 0.5-2.5nm on a Cr electrode, and the
tunneling electron transfer is hindered with increasing thick-
ness of the passivated oxide layer.”” The same tendency was
observed in the Rh/Cr,03 model electrode system.”” It is there-
fore considered that the present electron penetration through
the CryO;3 shell is due to such a tunneling electron-transfer
phenomenon, but the efficiency of electron transfer from the
Rh core to the external surface of the Cr,O; shell decreases
with increasing thickness of the Cr,O3 shell. As a result, with
increasing thickness of the Cr,Os shell, the reduction of CrO,>~
into Cr,O3 involving 3-electron transfer is more difficult.
Finally, when the thickness of the Cr,O3 shell reaches about
2 nm, the reduction of CrO,*>~ ceases and the H, evolution as a
result of H reduction proceeds preferentially.

3.3.3 Size Effect of the Core: Among the noble metals
examined as the core component, Rh was the most effective
for enhancing activity of GaN:ZnO for overall water split-
ting under visible light. However, in the original preparation
method, the Rh-core nanoparticles tended to aggregate on the
catalyst.”* Because the activity of a heterogeneous catalytic
system is generally dependent on the surface area available for
reaction, the activity of the Rh-core/Cr,0O3-shell system should
be enhanced further if aggregation of the cocatalyst nano-
particles can be prevented. Therefore, increasing the dispersion
of cocatalysts in a given system is a reasonable strategy for
improving the photocatalytic activity.

Highly dispersed Rh nanoparticles were successfully loaded
on GaN:ZnO without aggregation by adsorbing Rh nano-
particles that were protected by 3-mercapto-1-propanesulfuric
acid or poly(N-vinyl-2-pyrrolidone), followed by calcination
under vacuum or air at 673 K.3%8! After the Rh nanoparticles
were coated with a Cr,Os-shell, the photocatalytic activity for
overall water splitting was tested under visible-light irradiation.
As expected, the sample with a better dispersion of Rh, which
was prepared using 3-mercapto-1-propanesulfuric acid and had
an average size of 1.9 £ 0.6 nm, exhibited activity much higher
than an analogue containing poorly dispersed Rh nanoparticles
prepared by a photodeposition method.®® Photocatalytic activ-
ity of this Rh-core/Cr,O3-shell system for overall water split-
ting was further investigated with respect to the size of the
Rh core using Rh nanoparticles that had sizes of 1.5-6.6 nm
and narrow size distribution.®! The result showed that the
photocatalytic activity was improved by decreasing the size of
Rh nanoparticles, and the highest activity was obtained when
1.5nm Rh nanoparticles were deposited without aggregation.
According to a similar concept, Negishi and Kudo et al.
reported that highly dispersed ca. 1 nm Au nanoclusters served
as efficient cocatalysts for H, evolution, thereby promoting
overall water splitting by BalLa,Ti4O;5 under UV irradiation
(A > 200nm).*

3.3.4 Application to Cr,O3; Modification to Metal Oxide
Core Systems: It was thus demonstrated that the “core/shell”
strategy is promising for noble-metal/photocatalyst systems to
allow for H, and O, evolution from water, because backward
reactions involving molecular O, (e.g., H,—O, recombination)
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are effectively suppressed by the Cr,Oj3 shell surrounding the
noble metals. Although this functionality is essential for a
noble-metal-loaded photocatalyst to achieve overall water split-
ting, it is not necessarily required for a metal oxide-loaded one
because metal oxide cocatalysts generally exhibit negligible
catalytic activity for water formation. In some cases, however,
metal oxide cocatalysts undergo degradation due to a change in
the cocatalyst state by exposure to the reactant solution, and
catalyze O, photoreduction (another backward reaction of
water splitting), which leads to a decrease in activity, as exem-
plified by GaN:ZnO modified with RuO, (ref 56) or CuO.>

When the loaded metal oxide nanoparticles are covered with
Cr,03, this deactivation and O, photoreduction should be sup-
pressed by a reduced accessibility of the loaded metal oxides
to the reactants. This idea stimulated our investigation of the
activity of a metal oxide-loaded photocatalyst modified with
Cr,05 photodeposits for overall water splitting. The effective-
ness of Cr,O; modification toward the enhancement of the
water-splitting rate was highlighted using GaN:ZnO modified
with three different metal oxides of NiO,, Rh,03, and Ru0,.”®
It has been pointed out that the activity of a NiO,-loaded
photocatalyst for overall water splitting can be degraded in
some cases, due to the hydrolysis of NiO, into Ni(OH), and/or
peeling off.?° In fact, the rates of H, and O, evolution over
NiO,-loaded GaN:ZnO decreased with reaction time. Interest-
ingly, however, modification of NiO,/GaN:ZnO with Cr,03
resulted in enhanced, stable H, and O, evolution. In the case of
Rh,03 cocatalyst, while the deposition of this cocatalyst onto
GaN:ZnO did not yield any activity for water splitting, Cr,0O3/
Rh,03/GaN:ZnO produced appreciable amounts of H, and O,
in a stoichiometric ratio. In these two cases, uniform deposition
of the Cr,0; shell, as observed in noble-metal/Cr,O3 systems,
was not observed.

A similar activity enhancement was also observed for Cr,Os-
modified RuO,-loaded GaN:ZnO. As discussed earlier, RuO,/
GaN:ZnO was demonstrated to catalyze O, photoreduction, and
RuO, was supposed to work as a H, evolution site on GaN:
Zn0.%® If all of the RuO, nanoparticles on GaN:ZnO function
as electron collectors, Cr,O3 should coat all of them without
exception. However, this was not the case; some of the RuO,
nanoparticles remained uncovered even after visible-light
irradiation in the presence of excess K,CrO,4. Surprisingly, an
intentional addition of O, gas into the reaction system with
Cr,03/Ru0,/GaN:ZnO did not reduce the rate of H; evolution,
while the H, evolution over RuO,/GaN:ZnO decreased signifi-
cantly. RuQO; is an interesting cocatalyst that can promote both
reduction and oxidation photocatalysis, although its perform-
ance as a water-splitting photocatalyst is moderate.® In the
present case, it appears that the uncoated RuO, nanoparticles on
GaN:ZnO work as hole trap sites to promote water oxidation.

Thus, photodeposition of Cr,O3 was shown to be an effec-
tive approach to improve the activity for overall water splitting
under visible light. It is likely that suppressing undesirable
chemical changes of a cocatalyst and/or O, photoreduction
contributed to this enhanced photocatalytic activity. Therefore,
Cr,03 photodeposition can improve H, evolution, not only on
noble metals but also on metal oxides. Another core/shell
cocatalyst for photocatalytic overall water splitting, Ni-core/
NiO-shell nanoparticles, has been applied to many heteroge-
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neous photocatalytic systems.'>1%2%0 Compared with Ni/NiO,
the present noble metal (or metal oxide)/Cr,O; core/shell
cocatalyst has several advantages, including (1) the possibility
of using various noble metals and metal oxides as a core for the
extraction of photogenerated electrons from the photocatalyst
bulk, (2) the possibility of selectively introducing active
species for overall water splitting at reduction sites on the
photocatalyst, and (3) elimination of the need for activation
treatment by oxidation or reduction. The latter two advan-
tages are effective when the core is introduced by an in situ
photodeposition method (although it may involve another
problem of aggregation of metal deposits). The elimination of
activation procedures involving heat treatment is especially
beneficial for non-oxide photocatalysts, which have inherent
instability toward heat-treatment.

3.4 Coloading of Reduction and Oxidation Cocatalysts
for Overall Water Splitting. As discussed above, significant
efforts have been made toward the development of an efficient
water reduction cocatalyst. Here, it would be natural to expect
that loading both H, and O, evolution cocatalysts onto the
same photocatalyst would improve water-splitting activity,
compared to photocatalysts modified with either an H, or O,
evolution cocatalyst. However, the actual demonstration of this
remained a challenge.

We demonstrated a proof-of-concept using GaN:ZnO loaded
with Rh/Cr,03 (core/shell) and Mn3;O4 nanoparticles as H, and
0, evolution promoters, respectively, under visible light.®* The
preparation scheme is shown in Figure 12A. First, Mn oxide
was introduced onto GaN:ZnO as an O, evolution cocatalyst.
Some Mn oxides have been reported to serve as O, evolution

Adsorption of MnO

promoters,®* and it is well known that the O, evolution center
in the photosynthesis of green plants contains a Mn complex.®®
MnO nanoparticles with a mean size of 9.2 £ 0.4nm were
adsorbed onto GaN:ZnO. The as-prepared MnO/GaN:ZnO
sample was then calcined in air at 673K for 3h to remove
organic residues that served as stabilizers of MnO nanoparti-
cles. With this calcination treatment, MnO nanoparticles trans-
formed into Mn3;Q0y, but the particle size of the Mn oxide was
maintained. Thus, GaN:ZnO particles were successfully dec-
orated with Mn;O4 nanoparticles. As expected, PEC mea-
surements indicated that the loaded nanoparticles of Mn;O4
functioned as O, evolution sites. On the other hand, Mn;O4/
GaN:ZnO did not promote H, evolution from an aqueous
solution containing methanol as an electron donor, indicating
that Mn3O4 on GaN:ZnO does not host water reduction sites.

Next, core/shell-structured Rh/Cr,O3; nanoparticles were
introduced as H, evolution sites into Mn3;Oy4-loaded GaN:ZnO
by an in situ photodeposition method that in principle allows for
the deposition of metal nanoparticles on the reduction sites of
a given photocatalyst.®®* TEM observation with EDX analysis
revealed that Rh/Cr,O3 (core/shell) and Mn3;O4 nanoparticles
were separately loaded on the GaN:ZnO, although part of the Rh
cores were aggregated’* and there was little EDS signal of Rh
on the Mn3;04 nanoparticles. We thus concluded that Rh/Cr,03
(core/shell) nanoparticles were successfully introduced onto
Mn;0,4/GaN:ZnO without concealing the pre-deposited Mn;O4
nanoparticles and changing the original size of 9-10nm.

As mentioned above, GaN:ZnO modified with core/shell-
structured Rh/Cr,O; nanoparticles catalyzed overall water
splitting steadily. In contrast, Mn;O,4/GaN:ZnO did not pro-
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Calcination in air
(673 K, 3 h)
GaN:ZnO GaN:ZnO GaN:ZnO
with Mn;0, with Mn;0,
+ Rh/Cr,05
T 12
S Rh/Cr,0
g 10- ==
== ’
7’
g 84 H, A > 420 nm e- > k(-A H,
5 = [ Colzk
5 6 - H+
5 >
2 47 Ml o, N
5 24 0, . *.
JG-J‘; No activity... \\\
@ 0- T T [ s
GaN:ZnO
Rh/Cr,0, 'f‘rh,\/,ﬁzzgj Mn,0, H,O ,/ﬂ
7
Cocatalyst Mn;0,

Figure 12.

(A) Scheme for the preparation of GaN:ZnO loaded with both Mn3;O4 and core/shell-structured Rh/Cr,Os.

(B) Photocatalytic activity of GaN:ZnO modified with different cocatalysts under visible light (1 > 420 nm). (C) Illustration of
the reaction scheme for overall water splitting on GaN:ZnO modified with Mn3;04 and core/shell-structured Rh/Cr,O5. Reproduced
from ref 17 with permission. Copyright 2010 American Chemical Society.
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duce any H; or O,, again indicating the necessity of loading H,
evolution sites on GaN:ZnO to achieve overall water split-
ting. Interestingly, GaN:ZnO modified with both Rh/Cr,O3
and Mn;0,4 exhibited enhanced activity, compared to catalysts
modified with either Rh/Cr,O3 or Mn3O,4 (Figure 12B). The
photocatalytic activity was also found to be dependent on the
loading amount of Mn3;04. The rates of H, and O, evolu-
tion both increased with increasing Mn loading, reaching a
maximum at 0.05wt %, beyond which the activity began to
decrease.

On the basis of the above results, a reaction mechanism for
visible-light-driven overall water splitting on this catalyst can
be proposed (Figure 12C). The loaded Mn3;O4 nanoparticles
function as O, evolution cocatalysts, as indicated by PEC mea-
surements, while Rh/Cr,03 (core/shell) nanoparticles serve as
H, evolution sites. With the aid of nanoparticulate Mn;04 in O,
evolution, the photocatalytic activity for overall water splitting
by GaN:ZnO modified with core/shell-structured Rh/Cr,0O3
nanoparticles was improved compared to analogues modified
with either H, or O, evolution cocatalysts. Similar enhance-
ment of activity was observed when other metal oxides, which
are reported to work as water oxidation promoters, were loaded,
indicating the general adoptability of this concept.’” These
results are in good agreement with our kinetic assessment of
overall water splitting using GaN:ZnO modified with Rh—Cr
mixed oxide as an H; evolution cocatalyst, which suggests that
there is room for improvement of water-splitting activity by
introducing suitable O, evolution sites in addition to H, evolu-
tion sites.®® Tt was also demonstrated that the present coloading
method was applicable to a metal oxide photocatalyst such
as SrTiOs, suggestive of the general utility of this method. In
addition to the overall water-splitting reaction, the coloading
method enabled us to improve the water-oxidation half reaction
over WOjs in the presence of a reversible electron acceptor.®®

4. Activation of (Oxy)nitrides with
d’ Electronic Configurations

4.1 Early Works on d’-(Oxy)nitrides. As discussed, the
findings of GaN:ZnO solid solutions and new types of
cocatalysts allowed us to achieve overall water splitting under
visible light. However, the longest wavelength available for
overall water splitting using GaN:ZnO was at most 500 nm. For
efficient solar energy conversion, a photocatalyst that harvests
visible light at wavelengths longer than 600nm (band gap
smaller than 2.0eV) is highly desirable.!” Assuming overall
water splitting with a QY of unity, the theoretical potential of
photocatalysts with a 500nm absorption edge is 7.9% solar-
energy-conversion efficiency, while photocatalysts with an
absorption edge of 600 and 650 nm can, respectively, achieve
16.2 and 20.6% efficiencies.!” Thus, the development of
photocatalysts that are capable of harvesting a wider range of
visible light is an important subject for solar energy conversion.

d-type (oxy)nitrides are more advantageous than d'®-ones in
terms of their light-absorption properties. However, direct split-
ting of pure water using d°-(oxy)nitrides remains a challenge.
Alternatively, some d’-(oxy)nitrides work as building blocks
for H, and/or O, evolution in a Z-scheme water-splitting
system, which is another approach to achieve water splitting
with visible light, and was originally introduced by Bard in
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Figure 13. Schematic energy diagrams of photocatalytic
water splitting for a two-step photoexcitation system. D
and A indicate electron donating and accepting species,
respectively. Reproduced from ref 91 with permission.

1979.°° This system was inspired by natural photosynthesis
in green plants, where photosystems I and II harvest 700 and
680nm photons, respectively, oxidizing H,O into O, under
sunlight, with a QY close to unity. In this system, two differ-
ent photocatalysts are combined using an appropriate shuttle
redox mediator, as shown in Figure 13. Visible light can be
utilized more efficiently than in the conventional one-step
water-splitting systems because the energy required to drive
each photocatalyst is reduced. It is also possible to apply a
photocatalyst that has either water reduction or oxidation
potential to one side of the system. For example, WO3, which is
unable to reduce H*, but able to produce O, from an aqueous
solution containing appropriate electron acceptors under visible
light, works as an effective building block for O, evolution
in Z-scheme water splitting.*>? In the H, evolution system, the
forward reactions that should occur on the photocatalyst surface
are the reduction of protons by conduction band electrons and
the oxidation of an electron donor (D) by valence band holes
to yield the corresponding electron acceptor species (A), as
follows:

2HT +2e¢~ — H, (photoreduction of H* to Hy)

(2)
(photooxidation of D to A) (3)

On the other hand, the forward reactions on an O, evolution
photocatalyst are as follows:
A+ne” - D (photoreduction of A to D) (4)
2H,0 + 4h™ — O, + 4H* (photooxidation of H,O to O,)
%)
where the electron acceptor generated by the paired H, evolu-
tion photocatalyst is converted to its reduced form (D), and
water oxidation occurs with the valence band holes. Thus, the
redox pair (D and A) is cycled, and the water-splitting reaction
is achieved.

In 2005, Abe et al. applied Pt-loaded TaON as a H, evolu-
tion photocatalyst to a Z-scheme water-splitting system in
combination with PtO,/WO; as an O, evolution photocatalyst
and an I037/I" redox mediator.%®> Further screening of (oxy)-
nitrides for application in H, evolution systems allowed the
increase of the absorption wavelength available for H, evolu-
tion to 660 nm using BaTaO,N.??> For more efficient utilization
of visible photons in O, evolution, the replacement of WO3 by

D+nht - A
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an (oxy)nitride with a longer absorption edge was realized
using RuO,/TaON that has absorption edges of 520 nm in the
presence of an I0;7/I~ redox mediator.”> However, the effici-
encies of these systems remained very low (at most AQY <
1%). Note that PtO,/WOj; is able to produce O, from an
aqueous NalOj solution under visible light, with an AQY of
ca. 10%,% at least an order of magnitude higher than that of
the total efficiency of the Z-scheme systems consisting of the
material as the O, evolution building block. This means that the
low efficiency of the oxynitride-based Z-scheme is due to the
H, evolution system that consists of oxynitrides, which appears
to be the main obstacle to achieving overall water splitting
using these materials.

Thus, we needed to improve the H, evolution activities of
(oxy)nitrides for both one-step and two-step water-splitting
schemes. Even in the case of GaN:ZnO solid solutions that
are capable of splitting pure water, it has been suggested that
the rate-determining step for overall water splitting is the H,
evolution process.> Several new modifications to enhance the
H, evolution rate of d’type (oxy)nitrides have thus been
pursued as discussed in the following sections.

4.2 New Precursor Route for the Synthesis of Tantalum-
Based (Oxy)nitrides. A straightforward way to activate a
particulate photocatalyst would be to reduce the particle size,
since a smaller particle size results in a shorter diffusion length
for photogenerated electron—hole pairs in a given photocatalyst,
reducing the recombination between electrons and holes and
enhancing photocatalytic activity.® Ta;Ns nanoparticles can be
readily prepared by nitriding a nanoparticulate Ta,Os precursor
that is synthesized in advance through a precipitation method.**
Compared to the conventional submicron-sized Ta;Ns particles,
TazNs nanoparticles with a smaller particle size of 30-50 nm
exhibited enhanced photocatalytic activity for H, evolution
from an aqueous methanol solution under visible light. UV-
visible diffuse reflectance spectroscopy and PEC measurements
suggested that the enhancement was due to the promotion of
the water reduction process that originated from the lower
defect density of the material, and that the particle size reduc-
tion was not the main reason in this particular case. Similar
nanostructuring of TazNs for enhanced H, evolution photo-
catalysis was realized using a mesoporous graphitic carbon
nitride (mpg-C;Ny) as a hard template. TazNs, having the small-
est particle size that was prepared from mpg-C;N4 with a pore
size of 7nm, exhibited approximately one order of magnitude
higher activity than bulk Ta;Ns.%>

Using lamellar solids (RbCa,Taz;0;9 or HCa,Taz0yg) as
precursors, it is possible to synthesize CaTaO,N particles
having relatively low defect density. The as-prepared CaTaO,N
exhibited an enhanced activity for H, evolution from an aque-
ous methanol solution, compared to an analogue prepared from
a conventional bulk type Ca—Ta oxide.”

4.3 Surface Modification of TaON with ZrO, Nano-
particles.

4.3.1 Initial Concept: We also attempted to increase the
photocatalytic activity of TaON for H, evolution under visible
light by reducing the particle size. However, it was difficult
to suppress the generation of defects during the nitridation
process. As a result, the as-obtained TaON did not show an
appreciable increase in photocatalytic activity, despite a rela-
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tively small particle size (50—80nm).”” Although the calcina-
tion of solid photocatalysts at elevated temperatures after
preparation has been demonstrated to be an effective approach
for reducing the density of defects while maintaining the
composition of the material,”®1%° such post-calcination seemed
to be disadvantageous for TaON due to its relatively low
thermal stability. In fact, post-calcination of TaON under O, or
N, results in a decrease in activity.'’! The elimination of
defects in TaON therefore remains a challenge.

To overcome such issues in the synthesis of TaON, we have
developed a new strategy to reduce surface defects on TaON
using ZrO, as a “protector” through a surface modification
technique.!?? Specifically, monoclinic ZrO, nanoparticles are
dispersed on the surface of a Ta,Os precursor before nitridation,
thereby protecting Ta’T cations in the TaON surface from being
reduced by H, (derived from disassociation of NHj3 at high
temperatures) during nitridation. The reduction of Ta>* cations
in TaON during nitridation generates reduced tantalum species,
resulting in the production of anionic vacancies to maintain the
charge balance of the material. The thus-formed defect sites can
serve as recombination centers between photogenerated elec-
trons and holes, resulting in an activity drop. On the other hand,
when ZrO,, more resistant to thermal ammonolysis than Ta,0Os,
is loaded on the surface of Ta,Os, Ta’t cations at the inter-
face between Ta,Os (and/or TaON) and the loaded ZrO, are
expected to interact with ZrO, and thereby become less sensi-
tive to reduction. As a result, the undesirable reduction of Ta>*
cations during nitridation is suppressed. The above-mentioned
idea and the preparation scheme are shown in Figure 14. Note
that under visible-light irradiation (4 > 400nm), the ZrO,
modifiers do not involve any photoinduced electron-transfer
events, because the band gap of ZrO, (ca. 5eV) is too large to
harvest >400nm light and the CBM and VBM straddle those
of TaON. In other words, surface photochemical reactions take
place on the surface of the TaAON component in the ZrO,/TaON
composite photocatalyst.

4.3.2 Preparation and Characterization:  ZrO,/TaON
composites were prepared by heating ZrO,-loaded Ta,Os under
a flow of NH; at 1123 K according to the preparation scheme in
Figure 14. The as-prepared material was confirmed by XRD,
SEM, and TEM to be a composite of monoclinic ZrO, and
TaON, and the loaded ZrO, species existed on the TaON com-
ponent in the form of nanoparticles (10-30 nm in size).!0>!03
With increasing ZrO, content, the ZrO, modifiers tended to
aggregate.

Figure 15A shows UV-visible diffuse reflectance spectra of
TaON and ZrO,/TaON. The absorption band edge of TaON at
ca. 520 nm, which is due to electron transition from the valence
band formed by the hybridization of N2p and O2p orbitals
to the conduction band consisting of empty Ta5d orbitals,
remained almost unchanged even upon ZrO, modification.
However, ZrO,/TaON displayed a lower absorption band in
the longer wavelength region, which is derived from reduced
tantalum species (e.g., Ta’* and Ta*'), as compared to
unmodified TaON. This result indicates that ZrO, modification
is effective for suppressing the formation of reduced tantalum
species (i.e., defect sites) during nitridation. The as-prepared
TaON powder is yellowish-green in color, while the ZrO,/
TaON composite is brilliant yellow (Figure 15B).
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species (defect sites) near the surface of the material. Reproduced from ref 10 with permission from the PCCP Owner Societies.
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The less-defective nature of the ZrO,/TaON composite
was also confirmed by photoluminescence spectroscopy.!%* As
shown in Figure 15C, both TaON and ZrO,/TaON exhibit a
luminescence band centered at ca. 690 nm upon photoexcitation
of 420nm photons. However, the luminescence intensity of
ZrO,/TaON is ca. 3 times larger than that of TaON, even
though the penetration of the incident photons is partially
blocked by the ZrO, component that cannot be excited by
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420 nm photons. This result could be explained in terms of the
reduced density of nonradiative recombination sites in ZrO,/
TaON; more specifically, donor levels, formed by the reduced
Ta species, below the conduction band of TaON would act as
effective traps of photogenerated carriers.

4.3.3 Photocatalytic Activity: Photocatalytic activity of
Zr0,/TaON was first evaluated using methanol as an electron
donor under visible light with the aid of Ru nanoparticles. The
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H, evolution activity from an aqueous methanol solution was
increased upon an increase in the Zr/Ta ratio, reaching a
maximum at Zr/Ta = 0.1, beyond which it began to decrease
gradually. It is noted that regardless of the kind of cocatalysts
loaded, an enhanced activity from an aqueous methanol solu-
tion was obtained with ZrO,/TaON. It would be reasonable to
conclude that the improvement in activity is attributable to the
reduction of defects, while the activity drop observed in the
higher Zr/Ta samples would be due to the excess coverage
of ZrO,, which blocks the active site for redox reactions on
the TaON component and hinders absorption of the incident
photons.

In order to develop guidelines for the preparation of a highly
active photocatalyst, we investigated several factors affecting
the photocatalytic activity of ZrO,/TaON for H, production.
Z1rO,/TaON (Zr/Ta = 0.1) photocatalysts were prepared by
loading particulate Ta,Os with ZrO, using different zirconium
precursors (ZrO(NOs),+-2H,0, ZrOCl,-8H,0, ZrCly, Zr(O-i-
Cs;H7)4, and ZrO,), followed by nitridation at 1123 K for
different durations (5-20h) under NH; flow. Nitridation of
71O, /Tay05 for 15 h resulted in the production of ZrO,/TaON,
regardless of the zirconium precursors used, but the physico-
chemical properties varied. When changing the nitridation time
from 5 to 20h while using the same precursor (ZrO(NO;);-
2H,0), a volcano-type relationship between nitridation time
and activity was obtained. The highest activity was obtained
for ZrO,/TaON synthesized from Ta,05 and ZrO(NO3),-2H,0
after nitridation for 15 h. Note that the optimal sample contains
highly dispersed ZrO, nanoparticles 10-30nm in size on the
surface of the TaON component.

Photoluminescence spectra of samples nitrided for different
durations with various precursors were acquired. All samples
exhibited a luminescence band at ca. 690nm upon photo-
excitation at 420nm. However, the luminescence intensity
differed, suggesting different densities of defect sites in these
materials. Figure 16 shows the relationship between the lumi-
nescence intensity and activity of ZrO,/TaON. It is clear that
there is a linear relationship between the two factors, regardless
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of precursors used and nitridation time. Based on these
physicochemical analyses, we concluded that a lower density
of anionic defects in TaON, which was realized using highly
dispersed nanoparticulate ZrO,, contributed primarily to the
enhanced activity. Attempts have also been made to reduce
the density of defects in a similar manner but with different
elemental sources (e.g., Al and Si). However, none yielded
higher performance than ZrO, modification.

Another interesting feature of ZrO,/TaON is that this
material exhibits both p- and n-type photoresponses (i.e., it
behaves as an intrinsic semiconductor) when used as a working
electrode in a PEC cell, different from a TaON electrode that
essentially gave only an n-type response (Figure 15D).'% In an
n-type semiconductor photocatalyst, electrons tend to accu-
mulate in the bulk, while holes undergo localization on the
surface, due to the band bending characteristics with respect to
aqueous solution.* Recombination between bulk electrons and
surface holes would therefore be the dominant path in an n-type
semiconductor photocatalyst suspended in an aqueous solu-
tion.%® In addition, intrinsic electrons existing in the bulk of
an n-type semiconductor have a significant impact on charge
recombination. Accordingly, moderation of the n-type semi-
conducting character of TaON is expected to suppress re-
combination, resulting in high photocatalytic performance.
This idea is consistent with our recent study of a kinetic model
of a photocatalytic water-splitting mechanism on GaN:ZnO
powder, which is an n-type semiconductor. Thus, moderation
of the n-type semiconducting character of TaON by the forma-
tion of a composite with ZrO, is another possible reason for the
high photocatalytic activity of ZrO,/TaON.

4.3.4 Application to Z-scheme Water Splitting: Because
the enhanced performance of ZrO,/TaON for water reduction
is attractive for use as a H, evolution photocatalyst in a Z-
scheme water-splitting system, a Z-scheme water-splitting
system consisting of ZrO,/TaON (H, evolution photocatalyst),
an O, evolution photocatalyst, and a redox mediator was
investigated. Among the O, evolution photocatalysts and redox
mediators examined, PtO,/WO; and an 1057 /I~ couple were
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the most effective components, respectively. Stoichiometric
water splitting into H, and O, was accomplished by combining
these two components with Pt-loaded ZrO,/TaON, recording
an AQY of 6.3% with 420 nm monochromatic light. This value
was at least 6 times greater than the yield achieved using a
TaON analogue, and one of the highest ones among reported
visible-light-driven water-splitting systems.

Overall water splitting under simulated sunlight (100
mW cm™?) was also achieved using the optimized Pt/ZrO,/
TaON photocatalyst in the same Z-scheme system, as shown in
Figure 17. Here solar-to-hydrogen energy conversion efficien-
cy was calculated to be 0.19 £ 0.02%, almost the same as the
efficiency of natural photosynthesis in switchgrass (0.2%),'%
which is considered to be a promising plant for biomass energy
production. Thus, it was experimentally shown that an artificial
photosynthetic assembly could be realized with the use of
carefully designed inorganic compounds.

The performance of a similar Z-scheme system consisting of
Pt/TaON (for H, evolution) and RuO,/TaON (for O, evolu-
tion) in the presence of an 1037 /I shuttle redox mediator was
also improved by simply replacing Pt/TaON with Pt/ZrO,/
TaON, giving 6-7-fold activity enhancement.!®*! In addition,
when ZrO,/TaON was employed in the H, evolution system,
one could extend the wavelength available for O, evolution by
applying TasNs that has an absorption edge of ca. 600 nm.'%

4.3.5 Overall Water Splitting Using ZrO,/TaON Modi-
fied with Water Reduction/Oxidation Cocatalysts: To
achieve overall water splitting without any redox mediator,
the optimized ZrO,/TaON was further modified with suitable
water reduction/oxidation cocatalysts. Hara et al. investigated
the effect of cocatalyst-loading on photocatalytic H, evolution
by TaON.!® According to that study, photodeposition of Ru on
TaON resulted in marked enhancement in activity, despite the
fact that the overpotential of Ru for H, evolution is not very
small, suggesting the importance of interfacial electron transfer
between TaON and Ru.

We therefore photodeposited Ru as the component of the H,
evolution site on ZrO,/TaON. XPS analysis showed that the
deposited Ru species were slightly oxidized relative to Ru
metal, but not as much as a bulk RuO, reference. Here, we will
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represent the Ru species as RuO, for simplicity. TEM images
of RuO,/ZrO,/TaON indicated that the primary particle size of
introduced RuO, nanoparticles was 1-2 nm, but some of them
aggregated to form larger secondary particles (ca. 5 nm).

In order to suppress possible backward reactions such as
H,—0, recombination and O, photoreduction that can occur on
RuO,, a Cr,05 shell was coated on RuO, according to our pre-
vious methodology. The as-prepared RuO,-core/Cr,0O3-shell
nanoparticles were employed as the H; evolution site on ZrO,/
TaON. TEM observation revealed that the RuO, nanoparticles
were coated with a shell layer of ca. 1-2nm in thickness,
forming a core/shell nanostructure. However, some of the
RuO, nanoparticles on both the TaON- and ZrO,-components
remained uncovered.'%” This is presumably because part of the
RuO, nanoparticles work as active sites for oxidation reactions,
as discussed earlier.

As displayed in Figure 18A, RuO,-loaded ZrO,/TaON
showed little photocatalytic activity, producing only H, at a
moderate rate. On the other hand, modification of RuO,/ZrO,/
TaON with Cr,05 resulted in simultaneous H, and O, evolution
from pure water. However, the rates of H, and O, evolution
decreased with time, likely due to the oxidative decomposition
of the nitride component by photogenerated holes as follows:

6ht + 2N~ — N, (6)

The deactivation could be suppressed upon decoration with 1—
2nm colloidal IrO,, which is well known as an efficient water
oxidation cocatalyst. A similarly prepared material without
Cr,05 exhibited moderate H, evolution, but no O, under the
same reaction conditions, which indicated the vital role of the
Cr,03 shell in realizing overall water splitting. Neither H, nor
0, was produced from ZrO,/TaON modified only with IrO,
colloids as well.

Visible-light-driven overall water splitting was finally
achieved using ZrO,/TaON modified with core/shell-struc-
tured nanoparticles of RuO,/Cr,0; and colloidal IrO, as H;
and O, evolution sites, as shown in Figure 18B. This was the
first example of a d’-type non-oxide photocatalyst that achieves
direct splitting of pure water into H, and O, only with visible
light. Obviously, it was important to improve the quality of the
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Figure 18. (A) Overall water splitting using ZrO,/TaON with various modifications under UV irradiation (>300 nm). (B) Typical
time course of overall water splitting visible light (4 > 400 nm) on IrO,/Cr,03/Ru0,/ZrO,/TaON, and (C) the proposed reaction

mechanism. Reproduced from ref 107 with permission.

photocatalyst (i.e., TaON modified with ZrO, to reduce the
density of defects) and to construct suitable surface reaction
sites on the photocatalyst. In this case, H, evolution sites that
are insensitive to O, photoreduction, and O, evolution sites
that efficiently promote water oxidation while suppressing the
oxidative decomposition of the material, were both essential
(Figure 18C).

4.4 BaZrO;-BaTaO,;N Solid Solution Operable under a
Wide Range of Visible Light. Because ZrO,/TaON harvests
visible light only up to 520 nm, utilization of a wide range of
visible light is highly desirable. By applying a similar strategy
to ZrO,/TaON, BaTaO,N having an absorption edge at 660
nm was modified by BaZrO; that has the same perovskite
structure as BaTaO,N in order to reduce the density of anionic
defects. Although the obtained material was not a composite of
BaZrO; and BaTaO,N but a solid solution between the two, an
enhanced activity for H, evolution in a non-sacrificial system
(7-8-fold enhancement) was obtained.'®® Using the optimized
BaZrO;-BaTaO,N solid solution combined with a suitable O,
evolution photocatalyst (e.g., rutile TiO, and PtO,/WO3),
solar-driven Z-scheme water splitting was also accomplished in
the presence of an 105~ /I~ redox couple.'?

In contrast to the H, evolution activity of BaTaO,N, it had
been reported that BaTaO,N is unable to catalyze water oxida-
tion under visible light even in the presence of an electron
acceptor like Ag™.?® As the band gap of a given material is
decreased, the driving forces for water oxidation and reduc-
tion should inevitably decrease, making water splitting more
difficult. Hence, one might regard BaTaO,N unsuitable for
applications in light-driven water splitting. Contrary to the
previous report, we demonstrated that carefully prepared
BaZrO;-BaTaO;N solid solutions having single-phase perov-
skite structures are active for both water reduction and oxida-
tion even under >660nm irradiation.'"’ This was the first
demonstration that a semiconductor having an absorption edge
longer than 600 nm achieves functionality as a photocatalyst
to reduce and oxidize water under visible light. Importantly,
BaZrO;-BaTaO,N solid solution also worked as a photo-
catalyst to oxidize water into O, and reduce 10;™ into I~
meaning that it is possible to create a Z-scheme water-splitting
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system consisting only of BaZrO;—BaTaO,N having a 660 nm
absorption edge.!” It was also found that BaZrO;—BaTaO,N
solid solution showed an enhanced activity for not only water
reduction but also water oxidation compared to BaTaO,N, %111
and could be applicable to a photoanode material for solar
water oxidation that works even in a two-electrode config-
uration and in the presence of an applied bias (+1.0V vs. Pt
wire cathode).!!®

Similar to overall water splitting using ZrO,/TaON, mod-
ification of BaZrO;—BaTaO,N with IrO, colloidal nanoparticles
was indispensable to achieving stable water oxidation. Without
IrO,, BaZrO3;—BaTaO;N released N, upon band-gap irradiation
due to self-oxidative decomposition while producing a small
amount of O,. Nevertheless, the AQY of the optimized IrO,/
BaZrO;-BaTaO,N for water oxidation was below 0.1% at 420
nm, at least an order of magnitude lower than those recorded
using similar (oxy)nitrides having a 600nm absorption edge
(e.g., LaTiOyN, TazNs). In order to elucidate the reason for the
low water oxidation activity of BaZrO;—BaTaO,N, we esti-
mated the band-edge potentials by means of a PEC technique
and UV-visible diffuse reflectance spectroscopy.!!! Figure 19
shows the estimated conduction and valence band edge poten-
tials of BaZrO;—BaTaO,N (Ba/Zr = 0.025) as a function of
pH. The positions of the CBM and the VBM of BaZrO;—
BaTaO,N are dependent on pH, with a variation of approx-
imately —50mV per pH decade. The estimated band edge
positions of the BaZrO3;—BaTaO,N solid solution straddle water
reduction and oxidation potentials, in agreement with the
results of photocatalytic reactions, as mentioned above. How-
ever, it should be noted that the energy difference between the
water oxidation potential and the VBM is at most 0.3eV,
smaller than those of other (oxy)nitride materials.!'" This
would lead to a relatively low AQY of the material for water
oxidation.

4.5 Unusual Enhancement of Water Oxidation Activity of
BaTaO,N by Doping of Pentavalent Tungsten Species. It
was thus experimentally demonstrated that the reduction and
oxidation of water are both possible using perovskite BaTaO,N
and solid-solution materials with BaZrO; (0 < Zr/Ta < 0.1)
that have band gaps of 1.7-1.8eV.!'® However, the BaZrOs;—

© 2016 The Chemical Society of Japan


http://dx.doi.org/10.1246/bcsj.20150441

BaTaO,;N solid solutions have a drawback in that the water
oxidation activity is very low, likely due to the valence band
potential that is located at a potential close to the water
oxidation potential. Here, one may think that it is possible to
tune the band-edge positions of a semiconductor by replacing
the original constituent element with another.® For BaTaO,N, it
would be easy to expect that the VBM shifts to more positive
potential if the concentration of nitrogen, which forms the
upper part of the valence band,? is reduced. This is actually
achievable by making a solid solution with a wide-gap oxide,
which is generally known as “band-gap engineering”,® as we
have shown with BaZrO;-BaTaO,N solid solutions. From the
viewpoint of efficient solar energy utilization, however, this
may not be preferable because the reduction of the nitrogen
concentration in BaTaO;N results in a blue shift of the absorp-
tion edge, downgrading the good light absorption capability.'!?

We accidentally found that the water oxidation activity of
BaTaO,N photocatalyst can be enhanced by the introduction
of pentavalent tungsten species, while maintaining the small
band gap.!!? Figure 20A shows UV-visible diffuse reflectance
spectra of W-doped BaTaO,N samples prepared in a similar
manner to BaZrO;—BaTaO,N. Besides the original absorption

-1.01 f ?;
= -0.54° o H+/H2
»
>
> 0.0‘ o EFB
>~ 0 Ecp
S 059 ° Ew OZ/_H,Z.C.)«
= )

g g :
& 1.0-@’“‘"’
1.5 T T T T T T T
4 6 8 10 12
pH

Figure 19. Dependence of conduction and valence band
edge potentials for BaZrO;—BaTaO,N (Zr/Ta = 0.025) on
pH of electrolyte, as determined from photocurrent mea-
surements. Reproduced from ref 111 with permission.

edge at 660 nm, the doped samples had an additional absorp-
tion band at a longer wavelength region, which was more
pronounced with an increase in the W/Ta molar ratio in the
sample. This absorption band can be assigned to pentavalent
W species. In general, doping transition-metal cations having
partly filled d orbitals into semiconductor photocatalysts
contributes to a significant drop in photocatalytic activity.?
Such doped elements form a donor or acceptor level in the
forbidden band of the material, which may act as a center for
absorption at visible wavelengths on a case-by-case basis.
However, doping also obstructs prompt migration of photo-
generated electrons or holes at the surface and in the bulk
material, since the dopant frequently provides a discreet energy
level rather than an energy band. Nevertheless, as shown in
Figure 20B, the water oxidation activity of BaTaO,N was
improved by introducing a small amount of W species to reach
a maximum at a W/Ta molar ratio of 0.005, beyond which it
began to drop. The optimized W-doped BaTaO,N exhibited an
activity 7 times higher than BaTaO,N under the same reaction
conditions (Figure 20C). It was also higher than the optimized
BaZrO;-BaTaO;N. Although the reason for the enhanced
activity has not been fully understood, the finding that an inten-
tional introduction of transition-metal cations with partly filled
d orbitals into a narrow-gap oxynitride improves the water
oxidation activity presents important new possibilities for the
photocatalysis of visible-light water oxidation, as there are
many (oxy)nitrides that can absorb visible photons to oxidize
water.

5. Summary

Metal (oxy)nitrides have attracted attention as photocatalysts
for overall water splitting under visible irradiation. We devel-
oped solid solutions of GaN and ZnO with d'* electronic
configuration, which achieved functionality as stable photo-
catalysts to split water into H, and O, by absorbing up to 500
nm photons. This is the first successful example of “reprodu-
cible” overall water splitting using a single semiconductor
photocatalyst and visible light.

During the development of the GaN:ZnO photocatalyst, we
also devised a new type of cocatalyst: Cr(III)-containing mixed
oxides and core/shell-structured metal (or metal-oxide)/Cr,O3
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Figure 20. (A) Diffuse reflectance spectra and (B) photocatalytic water oxidation activities of W-doped BaTaO,N. (C) Comparison
of photocatalytic performance. The reactions were conducted in an aqueous AgNOj solution under visible light (1 > 420 nm) using
100 mg of each sample (1.5 wt % IrO, loaded) and 200 mg of La,O3. Reproduced from ref 112 with permission.
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nanoparticles, which promote H, evolution while suppressing
undesirable backward reactions (e.g., water formation and O,
photoreduction), resulting in a drastic enhancement in photo-
catalytic activity of GaN:ZnO for overall water splitting. It
was also demonstrated that modification of a photocatalyst with
two different cocatalysts for H, and O, evolution resulted
in enhanced performance compared to photocatalysts modified
with either an H; or O, evolution cocatalyst.

While (oxy)nitrides having d’-electronic configuration are
capable of absorbing a wide range of visible light, reducing
the density of anionic defects that are generated during the syn-
thesis was found to be indispensable to inducing the potential
of these materials for overall water splitting. In particular,
TaON modified with nanoparticulate ZrO, exhibited an en-
hanced activity for H, evolution, leading to efficient Z-scheme
water splitting with ca. 0.2% solar energy conversion effi-
ciency. Stoichiometric water splitting under visible light was
accomplished using the optimized ZrO,/TaON photocatalyst
modified with two different cocatalysts for H, and O, evolu-
tion, which represents the first demonstration of overall water
splitting using a d-type oxynitride.

All of the successful photocatalysts developed for overall
water splitting before 2005 comprised solely metal oxides
that are largely insensitive to visible light. The discovery of
oxynitrides achieving the same function motivated us to
expand our research toward both practical application and
fundamental understanding of such materials. Unfortunately,
however, the conversion efficiencies in photocatalytic water
splitting are still low, most likely due to electron-hole re-
combination that still occurs significantly both in the bulk and
surface of photocatalysts. Further research is thus required to
improve the conversion efficiencies of (oxy)nitrides.
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