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In recent years, research on the use of metal nanoparticles (NPs) and nanoclusters (NCs) synthesized by
liquid-phase reduction in water-splitting photocatalysts has been actively conducted. Water-splitting
photocatalysts have been attracting attention because they can produce hydrogen (H,), which is
attractive as a next-generation energy source, from solar energy and water. However, further
improvement of water-splitting photocatalysts is required for their practical use in society. Recent
studies have demonstrated that the active sites (cocatalysts) of water-splitting photocatalysts can be
controlled using the advanced NP/NC syntheses and structural modulation techniques established in the
fields of colloid, NP, and NC chemistry and thereby highly active water-splitting photocatalysts can be
developed. If such research progresses further, it is expected that a transition to a new society using H,
as the main energy source will become possible. However, such applied research has just started and
examples of such research are currently limited. The purpose of this review is to introduce the
importance of controlled colloidal NPs/NCs in research on water-splitting photocatalysis to readers by
summarizing the existing research. We hope that this review will raise interest in the application of metal
NPs/NCs
environmental problems will become a reality as soon as possible.
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The nanometer scale is the smallest on which the function of
a material appears. Therefore, if a material can be controlled at
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the nanometer scale, almost all the properties of the material
can be regulated. Furthermore, it is possible to produce new
physical/chemical properties and functions different from
those of the bulk material by controlling the atomic array
structure (crystal structure) at the nanometer scale. Because of
the importance of and interest in producing nanomaterials with
intended structure and function, technology to control nano-
materials (i.e., nanotechnology) is being promoted as a national
policy in many countries.

Metal nanoparticles (NPs) (Fig. 1), which are aggregates of
metal atoms, play a central role in such nanotechnology
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research. Research on metal NPs was initiated by Faraday in the
1840s in his investigation of metal colloids.® Since the 1980s,
the research on metal colloids has progressed substantially and
the expression “metal NPs” has been coined.** In the last two
decades, research on metal NPs has increased explosively, and
the techniques to synthesize metal NPs have advanced
dramatically. In recent years, it has become possible to control
not only the size of metal NPs but also their geometrical
structure. Metal NPs composed of coinage metals such as gold
(Au), silver (Ag), and copper (Cu) exhibit localized surface
plasmon resonance absorption in the visible region (Fig. 1),
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Fig. 2 Potential applications of metal NPs and NCs.

which makes these NPs even more attractive. Because of these
properties, metal NPs can be used in surface-enhanced Raman
spectroscopy.”® Therefore, studies on the use of metal NPs to
detect trace amounts of molecules are being conducted for
applications.” In addition, techniques to control the arrange-
ment of metal NPs have been established,*® which has opened
the way to apply metal NPs in the field of electronic devices.
Furthermore, metal NPs are also expected to be useful in
biotechnology applications such as drug delivery systems and
diagnosis (Fig. 2).*

Metal nanoclusters (NCs), as shown in Fig. 1, are smaller in
size than metal NPs and are also important materials in nano-
technology.?*** There is no clear definition of the boundary
between metal NPs and metal NCs. However, when the particle
size is less than 2 nm, the materials are generally called metal
NCs (Fig. 1). Such ultrafine metal NCs possess electronic and
geometrical structures that are different from those of both the

This journal is © The Royal Society of Chemistry 2020
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corresponding bulk metal and metal NPs, which leads to the
appearance of new physical/chemical properties and functions
(Fig. 1).>*** Furthermore, because the physical/chemical prop-
erties and functions of NCs strongly depend on the number of
constituent atoms, if the number of constituent atoms in metal
NCs can be controlled, numerous functions can be realized by
one metal element. When multiple elements are used in NCs, it
is possible to access further various functions.**-

Gas-phase experiments played a leading role in research on
metal NCs in the 1980s and 90s.””-** Also, the synthesis of metal
NCs composed of gold, palladium (Pd), and platinum (Pt)
started at that time.”®”® However, it was only after 2000 that
research on these NCs began to increase explosively.” In 2005,
the first precise synthesis method for thiolate (SR)-protected
metal NCs was established.® Since then, numerous noble
metal and alloy NCs have been precisely synthesized using SR,
phosphine, and alkyne ligands.*** Since 2007, it has become
possible to determine the geometrical structure of NCs by
single-crystal X-ray diffraction (XRD) analysis."***** Thus, at
present, inorganic chemists precisely synthesize SR-protected
metal NCs as organic chemists synthesize organic molecules.
It is possible to obtain a deep understanding of the structure-
property relationship of metal NCs with precisely determined
geometrical structure.®*** The use of these well-defined NCs as
catalysts, chemical sensors, photosensitizers, and solar cell
components is currently being studied (Fig. 2).34791157122

In this way, the syntheses and applications are being actively
investigated for metal NPs and metal NCs at present. Multiple
reviews have been published on the recent research develop-
ment of such metal NPs and NCs.**”*'>*?> Readers hoping to
obtain comprehensive knowledge of the synthesis techniques of
metal NPs/NCs, their geometrical structures, and potential
applications should refer to these reviews.

1.2. Application of metal NPs/NCs as cocatalysts in water-
splitting photocatalysts

This review outlines the research on the use of metal NPs/NCs
in the field of water-splitting photocatalysis, in which many
groups have begun to work in recent years (Fig. 2). With the
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Fig. 3 Possible scheme for large-scale H, production via solar water
splitting. Reproduced with permission from ref. 124. Copyright 2010
American Chemical Society.
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depletion of fossil resources and the aggravation of climate
change, the transition from a society that depends on fossil
fuels to one that uses clean and renewable energy is needed.
Hydrogen (H,) releases a large amount of energy upon
combustion. In addition, the combustion of H, generates only
water, which does not pollute the environment. Thus, H, has
great potential as a new energy source that solves energy and
environmental problems (Fig. 3).

Most H, is currently produced by steam reforming of fossil
resources. However, this method releases carbon dioxide as
a byproduct and consumes fossil resources. Therefore, if H,
continues to be produced by this method, it will not provide
a solution for both energy and environmental problems. The
water-splitting photocatalytic reaction* has been proposed as
a clean and renewable H, production method (Fig. 3)."** Using
this reaction, it is possible to produce H, from sunlight and
water, which are available in almost unlimited quantities on the
earth. This is different from the case of the water-splitting
electrocatalytic reaction’”™** in which electric power is
consumed to proceed the reaction (thus, the combination with
the solar cells is indispensable in this case'***). However,
although water-splitting photocatalysts have been attracting
attention for many years, further improvement is still required
to realize their practical use.

Water-splitting semiconductor photocatalysts are often
composed of semiconductor photocatalysts and metal NP/NC
cocatalysts that work as reaction sites (Fig. 4)."*' The cocata-
lyst plays a role in promoting the photocatalytic reaction, and it
has been shown that control of the cocatalyst particle size and
dispersion improves photocatalytic activity. However, it is
difficult to control the particle size and chemical composition of
cocatalysts loaded using conventional photodeposition and
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impregnation methods because the metal NPs/NCs are grown
on the surface of the photocatalyst in these methods
(Fig. 5A).**'33 To overcome these problems and produce highly
active water-splitting photocatalysts suitable for practical use, it
is essential to introduce new techniques for the preparation of
water-splitting photocatalysts.

As described in Section 1.1, techniques to control the particle
size distribution of metal NPs fabricated by liquid-phase synthesis
have already been established. When such controlled metal NPs
are adsorbed on a photocatalyst and the surface protective organic
molecules (ligand, polymer, etc.) are removed, it is possible to
obtain controlled metal NP-loaded photocatalysts with high water-
splitting activity (Fig. 5B)."*>'** When precisely controlled metal
NCs are used as the precursor, it is possible to regulate the
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cocatalyst on a photocatalyst with atomic precision.”****® For such
precise metal NCs, detailed information about electronic and
geometrical structures can be obtained by various high-resolution
measurements and theoretical calculations, as shown in the
previous studies on the supported metal NPs/NCs."****” Therefore,
loading the cocatalyst controlled with atomic accuracy would lead
to the clear design guidelines for high activation of water-splitting
photocatalysts. If appropriate metal NCs are designed and fabri-
cated based on the knowledge obtained in this way, the activity of
water-splitting photocatalysts is expected to be further enhanced.

1.3. Purpose of this review

As described in Section 1.2, water-splitting photocatalysts can
be activated using cocatalysts fabricated by precise synthesis
and structure control techniques (nanotechnology) established
in the fields of colloid, NP, and NC chemistry. Such highly active
water-splitting photocatalysts could lead to the resolution of
energy and environmental problems. However, such applied
research has only recently started, and at present the examples
are limited. The purpose of this review is to introduce the
importance of using controlled colloidal metal NPs/NCs in
research on water-splitting photocatalysis by summarizing the
existing research. We hope that this review will increase interest
in the application of metal NPs/NCs in water-splitting photo-
catalysts. Ultimately, it is anticipated that the progress of this
research will lead to a society in which energy and environ-
mental problems have been solved.

1.4. Contents of this review

This review is constituted as follows. First, Section 2 provides an
overview of water-splitting photocatalysts. Then, Section 3
outlines the methods used to load cocatalysts. Section 4 pres-
ents examples of research using metal NPs/NCs fabricated by
liquid-phase synthesis as cocatalysts in water-splitting photo-
catalysts. In this section, we also present examples of studies
using metal NPs/NCs for H, or O, production from water (the
half reactions of water splitting), although these reactions do
not realize complete decomposition of water. Section 5 shows
the importance of elucidating the interface between metal NPs/
NCs and substrates, and introduces appropriate methods for
such a purpose. Section 6 summarizes this review, and Section 7

This journal is © The Royal Society of Chemistry 2020

briefly describes the prospects of metal NPs/NCs in water
splitting.

It should be noted that there are many studies using NPs/
NCs not as active sites but as light absorption sites in water-
splitting photocatalysis.***"** A number of reviews on the use
of NPs/NCs as photosensitizers have already been pub-
lished,***> so this review does not cover such research.

2. Water-splitting photocatalysts

2.1. Reaction mechanism

As described in Section 1.2, a water-splitting photocatalyst
generally consists of a semiconductor photocatalyst and cocat-
alyst. When the photocatalyst is irradiated with light, electrons
are excited from the valence band (VB) to the conduction band
(CB) in the semiconductor photocatalyst. The excited electrons
in the CB and holes remaining in the VB move to the photo-
catalyst surface and/or cocatalyst, where the electrons reduce
water and the holes oxidize water (Fig. 4).**"*** Theoretically, if
the bottom edge of the CB of the semiconductor photocatalyst is
more negative than the reduction potential of water (0 V vs.
normal hydrogen electrode; NHE), the reduction reaction of
water proceeds and H, is produced; this is called the H,
evolution reaction (HER). In addition, if the top edge of the VB
of the semiconductor photocatalyst is more positive than the
oxidation potential of water (1.23 V vs. NHE), the oxidation
reaction of water proceeds and O, is produced, which is called
the O, evolution reaction (OER) (Fig. 6)."*>'*” However, a semi-
conductor that satisfies these conditions is not always capable
of completely decomposing water (i.e., overall water splitting),
which is largely related to the following factors: (i) the high
activation energy of water splitting makes it difficult for this
reaction to proceed; (ii) the reaction is deactivated by recom-
bination of electrons and holes; and (iii) the produced H, and
O, can undergo the reverse reaction. Therefore, it is important
to suppress these negative factors when designing a cocatalyst.

2.2. Reaction system

The recent major systems used for the water-splitting reaction
are one-step photoexcitation systems**® and two-step photoex-
citation systems (ie., Z-scheme systems).'3"3>147149-152  p

J. Mater. Chem. A, 2020, 8, 16081-16113 | 16085
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addition to these systems, much research has been conducted
on the half reactions of water splitting (HER, OER) using
sacrificial agents. Here, these reactions are outlined.

2.2.1. One-step photoexcitation systems. In one-step
photoexcitation systems, water is completely decomposed by
a single semiconductor photocatalyst (Fig. 4A). These one-step
photoexcitation systems for water-splitting photocatalysis orig-
inated from the Honda-Fujishima effect'® reported in 1972.
Early research mainly focused on the development of photo-
catalysts only photoexcited by ultraviolet (UV) light.'***** These
studies produced many UV-active water-splitting photocatalysts
with high quantum yields.

On the other hand, to realize the practical application of
water-splitting photocatalysis, it is necessary to use visible light,
which accounts for about 40% of solar energy. As described in
Section 2.1, to completely decompose water, the positions of the
CB and VB of a photocatalyst must be at appropriate energies to
enable the HER and OER, respectively. Furthermore, to
suppress recombination of excited electrons and holes, the
photocatalyst needs to have high crystallinity and large specific
surface area. Because of these requirements, only a limited
number of photocatalysts for one-step photoexcitation systems
that can completely decompose water with visible light have
been reported.™"

2.2.2. Z-scheme systems. There are few semiconductor
photocatalysts that satisfy the following three factors: (i)
absorption of visible light; (ii) suitable energy levels for overall
water splitting; and (iii) appropriate properties including high
stability and non-toxicity. However, if a semiconductor that can
catalyze the HER is combined with another that catalyzes the
OER and a redox couple that transfers charges (electrons and
holes) between them, overall water splitting is possible. Such
a system, which imitates photosynthesis in plants, is called a Z-
scheme system (Fig. 4B).'3>'47

Z-scheme systems include semiconductor photocatalysts
that proceed a half reaction of water splitting (HER or OER).
Therefore, compared with the case for one-step photoexci-
tation systems, there are many photocatalysts available, and
it is possible to use a longer wavelength of sunlight. Addi-
tionally, because the HER and OER occur on different pho-
tocatalysts, it is possible to suppress the reverse reaction
between the generated H, and O, by using a two-cell reaction
tube with an ion-exchange membrane. Also, an operation to
separate the generated gas is unnecessary. However, in Z-
scheme systems, the reverse reaction involving a redox
couple occurs, which is different from the case for one-step
photoexcitation systems. Furthermore, because two
photons are required for one reaction in overall water split-
ting, Z-scheme systems have the disadvantage of lower
theoretical conversion efficiency than that of one-step
photoexcitation systems.

2.2.3. Half reactions wusing sacrificial reagents. As
described above, overall water splitting by a semiconductor
photocatalyst is generally difficult to achieve. Therefore, the
photocatalytic ability of a semiconductor to drive each half-
reaction (HER, OER) is often evaluated using an electron/hole
trapping agent, which is called a sacrificial agent. For

16086 | J. Mater. Chem. A, 2020, 8, 16081-16113
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example, when light is irradiated on water containing a hole
trapping agent (methanol, ethanol, ascorbic acid, or trietha-
nolamine (TEOA)) that is more easily oxidized than water, the
holes generated by photoexcitation are preferentially used to
oxidize the hole trapping agent. Therefore, the reduction of
protons (H') by photoexcited electrons is likely to occur and H,
is easily produced. These measurements can evaluate the HER
ability of a cocatalyst without being affected by OER activity
(Fig. 4C). Similarly, when the activity of the water-splitting
reaction is measured in water containing an electron trapping
agent (such as Ag* or Fe**), water oxidation is likely to occur, so
the OER activity of various photocatalysts can be easily evalu-
ated (Fig. 4D). Measurement of the activity of such a half reac-
tion is very important for determining whether a photocatalyst
satisfies some of the requirements for water splitting and for
exploring photocatalysts that could be used in Z-scheme
systems.

2.3. Semiconductor photocatalyst materials

Semiconductors used as photocatalysts are mainly metal oxides,
metal nitrides, and metal sulfides (Fig. 6)."*"*** Also, metal-free
graphitic carbon nitride (g-C;N,) can be used as a water-
splitting photocatalyst.******'” Metal oxides generally have
high stability but do not readily absorb visible light because
their VB mainly consists of oxygen 2p orbitals and is located to
the positive side of the redox potential of the OER. To overcome
these problems, the following strategies have been used to
modify photocatalysts: (i) metal-ion doping (SrTiOs: Rh, Ir'****9);
(ii) formation of solid solutions (GaN:ZnO,'*® ZnS-AgInS,-
CulnS,,"* LasTiy,Cug0Agy1S507,' Ing,GapgN,'* etc.); (iii)
controlling the VB position by including elements other than
oxygen (BiVO,,'**"* TaON,'*”'*® Ta;N;,'*® etc.); and (iv) using
a dye sensitization reagent (Ru(u) complex'®).

2.4. Cocatalyst materials

The cocatalyst promotes the transfer of electrons and holes
generated by photoexcitation and also plays a role in lowering
the activation energies of the HER and OER (Fig. 4). Each
reaction on the cocatalyst involves the adsorption of the
substrate, reaction of the substrate, and desorption of the
products. The progress of each reaction is strongly related to the
adsorption/desorption energies of the substrate/product on the
cocatalyst surface. In particular, the chemical reaction on the
cocatalyst surface proceeds easily when the Gibbs energy of
formation is moderate for the state where the substrates and
products are adsorbed on the cocatalyst. This is because the
reaction does not occur without the substrate being adsorbed,
but the reaction is inhibited when the adsorption is too strong.
Generally, metal or metal oxide NPs composed of group 8-11
elements are used as the cocatalyst because of their suitable
binding affinity with substrates. These NPs often have diame-
ters of several to several tens of nanometers.*>'”* Additionally,
it has recently been reported that MoS, and WS, '"* are highly
active HER cocatalysts.””® An important point is that metal/
metal oxides NPs/NCs that are highly active in the HER and/or
OER but also highly active towards the reverse reactions

This journal is © The Royal Society of Chemistry 2020
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cannot be used as cocatalysts. Metal/metal oxides NPs/NCs are
generally active in reverse reactions, so when they are used as
cocatalysts, formation of core/shell structure, alloy state, or
a solid solution is necessary to suppress the reverse reactions on
the cocatalyst surface.'””

2.5. Towards practical use

For the practical use of a water-splitting photocatalyst, the
conversion efficiency of solar energy to H, (STH) needs to be
at least 10%. However, the current maximum STH for water
splitting using semiconductor fine particles is about
1.1%."%'”> Therefore, further improvement of STH is
required for the practical use of water-splitting photo-
catalysts. Among such efforts, the development of visible
light-responsive photocatalysts and highly functional cocat-
alysts are particularly important research subjects. To
develop more advanced cocatalysts, it is necessary for the
density of active sites to be increased, and the substrate
adsorption energy to be optimized by the modulation of the
cocatalyst electronic structure. Refinement of the cocatalyst
is an effective strategy to achieve both of these characteristics
and alloying is also effective for the latter. In addition,
techniques for loading fine cocatalyst particles on photo-
catalysts with high dispersity and improving cocatalyst
durability are also important for practical application of
water-splitting photocatalysts.

3. Cocatalyst loading methods

3.1. Conventional methods

In previous studies, cocatalysts have been loaded on photo-
catalysts by impregnation and photodeposition methods. These
loading methods are widely used because of their simplicity.
The impregnation method (Fig. 5A(a)) was first used for
loading the cocatalysts on the photocatalysts by Domen et al. in
1980.7> Since then, this method has been used as an effective
method for loading the cocatalysts. In this method, the

This journal is © The Royal Society of Chemistry 2020

photocatalyst and precursor metal salt of the cocatalyst are
thoroughly mixed using a mortar and pestle and then calcined
to deposit fine cocatalyst particles on the photocatalyst surface.
In the photodeposition method (Fig. 5A(b)), a photocatalyst is
dispersed in a solution containing a precursor metal salt of the
cocatalyst and then light is irradiated on the photocatalyst. The
cocatalyst is deposited on the photocatalyst surface through the
reduction or oxidation of the metal salt by the electrons or holes
generated via photoexcitation.'” Using the photodeposition
method, it is possible to preferentially load the cocatalyst
particles on a specific crystal plane of the photocatalyst, which
become the reaction sites on the photocatalyst surface.'”

In the catalyst systems fabricated using these two methods,
the metal NP/NCs necessarily have a size distribution because
the metal atoms are aggregated on the photocatalyst (Fig. 5A)."”
Also, it is not possible to apply methods such as size separation
and size convergence to these loaded metal NPs/NCs, unlike
metal NPs/NCs dispersed in a solution. Therefore, it is difficult
to load cocatalysts with a uniform size on photocatalysts using
these conventional methods.

3.2. Recent method using colloidal metal NPs/NCs: liquid-
phase adsorption

In recent years, it became possible to synthesize various types of
metal NPs/NCs with controlled size and chemical composition
in the liquid phase. Colloidal metal NPs/NCs of the same size
can be adsorbed on a photocatalyst and then the protective
organic molecules are removed, leading to the production of
controlled metal NP/NC-loaded photocatalysts. This approach
is often called liquid-phase adsorption.

In the liquid-phase adsorption method, first, metal NPs/NCs
are adsorbed on the photocatalyst by mixing the metal NPs/NCs
and photocatalyst in a solvent. Because metal oxide photo-
catalysts generally have numerous surface hydroxyl groups
(-OH) in water, metal NPs/NCs with protective organic mole-
cules with dissociative functional groups (such as -CO,H,
-SO;zH, or -NH; groups) can be adsorbed on the photocatalyst
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surface at a high adsorption rate via hydrogen bond formation
between the protective organic molecules and photocatalyst
surface.’”® Even when the protective organic molecules do not
have dissociative functional groups, if they contain phenyl
groups, the metal NPs/NCs can be adsorbed on the photo-
catalyst at a relatively high adsorption rate via dipole-dipole
interactions.'”” After adsorption, the protective organic mole-
cules are removed from the metal NPs/NCs by calcination,
photocatalytic oxidation/reduction by light irradiation, or ozone
oxidation. This approach has attracted much attention in recent
years as a novel method to load photocatalysts with cocatalysts
with controlled particle size and chemical composition
(Fig. 5B).

4. Application of colloidal metal NPs/
NCs

4.1. Application in overall water splitting

This section introduces research using metal NPs/NCs in the
overall water-splitting reaction. The photocatalysts used in
these studies are summarized in Fig. 7. The materials and
conditions used in these studies are summarized in Table 1.
4.1.1.
use metal NPs synthesized by the liquid-phase reduction
method for overall water splitting in 2009. They used mono-
dispersed colloidal rhodium (Rh) NPs as a precursor. The size-
controlled Rh NPs (1.9 £+ 0.6 nm) were loaded on a GaN:ZnO
solid solution,'® which is a visible light-responsive photo-
catalyst (Fig. 8 and Table 1). The Rh NPs with a size of 1.7 +
0.3 nm were synthesized using sodium 3-mercapto-1-
propanesulfonate as a ligand (Fig. 8A(a)). This ligand is suit-
able for the synthesis of small NPs and is easily removed from
the NPs by calcination after adsorption on a photocatalyst.
Because the sulfonate groups in the ligands of the Rh NPs were
not adsorbed at a high rate on the photocatalyst surface, they
changed the functional group of the ligands from sulfonate
groups to sulfonic acid by cation exchange after NP synthesis
(Fig. 8A(b)). This conversion promoted the formation of
hydrogen bonds and acid-base interactions between the Rh NPs
and photocatalyst surface. Thereby, the Rh NPs were adsorbed
on the photocatalyst at a high rate (Fig. 8A(c)). Then, the ligands
were removed from the Rh NPs by calcination at 673 K for
30 min under reduced pressure, leaving the Rh NPs loaded on
the photocatalyst (Fig. 8A(d)). The particle size of the loaded Rh
NPs (1.9 + 0.6 nm) was about one quarter of that of Rh NPs
loaded by the conventional photodeposition method. This
indicates that the loading method used in this study is suitable
for loading fine NPs on the photocatalyst surface. The
researchers formed a Cr,0; shell on the surface of the Rh NPs to
suppress the light-induced O, reduction reaction (ORR), which
is a reverse reaction of water splitting that occurred on the
surface of the loaded Rh NPs without a Cr,0; shell. The Cr,0;
shell was permeable to H" but not O, approaching from the
outside.”**%® When the cocatalyst surface was protected by
a Cr,0; shell with such characteristics, it was possible to
suppress the progress of the reverse reaction while maintaining

Use of colloidal metal NPs. Domen et al.*’® started to

This journal is © The Royal Society of Chemistry 2020
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the H, production ability of the catalyst, thereby leading to high
water-splitting activity. The team formed Cr,0j; shells on the Rh
NPs loaded on photocatalysts prepared by both methods
(Fig. 8B). The photocatalyst with Rh NPs loaded by the liquid-
phase adsorption method exhibited water-splitting activity
that was about three times higher than that of the photocatalyst
with Rh NPs (7.6 nm) loaded by conventional photodeposition
(Fig. 8C). This indicates that miniaturization of the metal core
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Fig. 8 (A) Procedural flow of the proposed liquid-phase adsorption
method: (a) Rh NPs stabilized by organic ligand molecules before
cation exchange. (b) Stabilized Rh NPs after cation exchange. (c)
Electrostatic adsorption on GaN:ZnO catalyst. (d) Removal of organic
ligand. (B) TEM images of Rh NPs loaded on GaN:ZnO (a and b) before
and (c and d) after coating with Cr,Os. (C) Time course of overall water
splitting over Cr,O3/Rh/GaN:ZnO prepared by liquid-phase adsorption
and photodeposition. Reaction conditions: catalyst, 0.15 g; distilled
water, 400 mL; light source, high-pressure mercury lamp (450 W) via
aqueous NaNO, solution filter to cut UV light; reaction vessel, Pyrex
inner-irradiation vessel. Almost the same amount of Rh (0.3-0.4 wt%)
was loaded on each catalyst. Reproduced with permission from ref.
176. Copyright 2009 The Royal Society of Chemistry.
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Fig. 9 TEM images of Cr,Oz/Rh NPs (shell/core)/GaN:ZnO. The core Rh NPs were loaded by (A) photodeposition, (B) impregnation, and (C)
liquid-phase adsorption. Reproduced with permission from ref. 181. Copyright 2010 Wiley-VCH.

of the cocatalyst is an effective approach to improve water-
splitting activity. The group also reported in this paper that
cocatalyst loading by liquid-phase adsorption is also effective
for loading NPs composed of other noble metals. When the
cocatalyst NPs were composed of Pd or Pt, decreased particle
size also enhanced the activity of the NP-loaded GaN:ZnO solid-
solution photocatalyst.

In 2010, the same group further developed such research.
In this study, various noble metals (Rh, Pd, and Pt) and metal
oxides (NiO,, RuO,, and Rh,03) were used as HER cocatalysts
for GaN:ZnO photocatalysts.'®* Both conventional methods
(photodeposition and impregnation methods; Fig. 5A) and
liquid-phase adsorption (Fig. 5B) were used to load NPs on
the photocatalyst. A Cr,O; shell was also formed on the
cocatalyst surface. The highest activity was obtained when Rh
was used as the core metal and the cocatalysts were loaded by
liquid-phase adsorption. In the liquid-phase adsorption
method, Rh cocatalysts with fine particle size can be loaded
with high dispersion. Additionally, it is presumed that Rh
cocatalysts loaded by liquid-phase adsorption have more
metallic properties than those loaded by conventional
methods. The photocatalyst with Rh NPs loaded by liquid-
phase adsorption was considered to show high water-
splitting activity because of these factors. This study also
revealed that the morphology of the Cr,0; shell depended on
the valence state of the core Rh NPs and pH of the solution
during the photodeposition of the Cr,0; layer. Based on this
knowledge, they formed a Cr,O; shell with appropriate
thickness on metallic Rh NPs at an appropriate pH (3.0-7.5)
(Fig. 9), which yielded an efficient water-splitting
photocatalyst.

In 2013, to further functionalize the Rh NP cocatalyst, Ter-
anishi and colleagues investigated the correlation between the
particle size of Rh NPs and water-splitting activity.'® In this
study, Rh NPs were synthesized by polyol reduction using pol-
yvinylpyrrolidone (PVP, M,: 10 000 or 40 000) as a protective
polymer. The effects of the pH and temperature of the reaction
solution (ethylene glycol solution) on the particle size of the
resulting PVP-protected Rh NPs (PVP-Rh NPs) were investi-
gated. The nucleation rate of PVP-Rh NPs was controlled by the
pH. The results obtained in this experiment were in good
agreement with those of a theoretical calculation reported by
Goia and co-workers.*® The reaction temperature also strongly
affected the nucleation rate of PVP-Rh NPs. Based on these

16090 | J Mater. Chem. A, 2020, 8, 16081-16113

findings, they selected the appropriate pH and reaction
temperature conditions and fabricated size-controlled PVP-Rh
NPs (1.6 + 0.3, 2.7 £+ 0.3, and 5.1 £ 0.5 nm). Each sample of
PVP-Rh NPs was stirred in ethanol with a GaN:ZnO photo-
catalyst to induce cocatalyst adsorption. Then, PVP was
removed from the NPs by calcination at 673 K (Fig. 10A). A
transmission electron microscope (TEM) image of the calcined
sample revealed that although slight aggregation occurred on
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Fig. 10 (A) TEM images of three kinds of PVP—Rh NPs (a—c) as-
synthesized, (d—f) adsorbed on GaN:ZnO, and (g-i) loaded on
GaN:ZnO after calcination. (B) Initial rates of H, and O, evolution over
GaN:ZnO modified with different-sized Cr,Oz/Rh (shell/core) NPs.
Black and white symbols/bars indicate H, and O,, respectively.
Reaction conditions: catalyst, 0.15 g; H,SO4 aqg. (pH 4.5), 400 mL; light
source, high-pressure Hg lamp (450 W) through an NaNO aq. filter to
cut UV light; reaction vessel, Pyrex inner-irradiation vessel. Repro-
duced with permission from ref. 183. Copyright 2013 American
Chemical Society.
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the GaN:ZnO photocatalyst, the Rh NPs still maintained their
high monodispersity (1.5 £ 0.3, 3.8 + 0.8, and 6.6 £+ 1.1 nm).
Then, a Cr,0O; layer was formed on the Rh NPs by photo-
deposition. Measurements of the water-splitting activity of the
series of photocatalysts revealed that their water-splitting
activity increased with decreasing cocatalyst size (Fig. 10B).
They attributed this phenomenon to the following effects
caused by the miniaturization of Rh NPs: (i) increased relative
surface area of smaller Rh NPs; (ii) improved charge separation;
and (iii) increased active sites for the HER.

The above examples demonstrated that control of the HER
cocatalyst is an effective approach to improve the water-splitting
activity of photocatalysts. In 2010, Domen et al.*** showed that
co-loading of an OER cocatalyst with an HER cocatalyst led to
even higher water-splitting activity. In this study, GaN:ZnO was
used as the photocatalyst, Cr,O3/Rh (shell/core) NPs were
employed as the HER cocatalyst, and Mn;O, NPs as the OER
cocatalyst (Fig. 11A). First, MnO NPs (9.2 + 0.4 nm) were
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Fig. 11 (A) Proposed reaction mechanism for visible light-driven
overall water splitting on GaN:ZnO modified with MnsO,4 and Cr,Os/
Rh (shell/core) NPs. CB: conduction band, VB: valence band, e™:
electron, h*: hole. (B) TEM images of GaN:ZnO modified with MnzO4
and Cr,O3/Rh (shell/core) NPs: (a) Cr,O3z/Rh NPs, (b) MnzO4 NPs. (C)
Time courses of H, and O, evolution using modified GaN:ZnO cata-
lysts under visible light (A > 420 nm). Mn loading: 0.05 wt%. Repro-
duced with permission from ref. 184. Copyright 2010 Wiley-VCH.
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Fig.12 (A) TEMimages of (a and b) MnzO4 NPs/GaN:ZnO and (c and d)
Cr,O3/Rh NPs + Mnz0O4 NPs/GaN:ZnO (a and c) before and (b and d)
after calcination of the photocatalyst at 873 K. (B) Photocatalytic
activity of GaN:ZnO co-loaded with different OER cocatalysts and
Cr,O3/Rh NPs. Circles, triangles, and squares indicate the loading of
MnzOy,, IrO,, and RuO, NPs, respectively. Closed and open symbols
denote H, and O,, respectively. Reproduced with permission from ref.
185. Copyright 2014 Wiley-VCH.

synthesized by a liquid-phase reduction method as a precursor
of the OER cocatalyst. The MnO NPs were adsorbed on the
GaN:ZnO photocatalyst and then calcined at 673 K to form
Mn;0,4 NPs. Next, Cr,O3/Rh NPs were loaded on the GaN:ZnO
photocatalyst as an HER cocatalyst. TEM measurements
confirmed that the two types of cocatalysts were loaded on the
photocatalyst without covering each other (Fig. 11B). The water-
splitting activities of the photocatalyst loaded with only Cr,03/
Rh NPs and that loaded with both Cr,03;/Rh NPs and Mn;0,
NPs were measured. The results revealed that: (i) an HER
cocatalyst (Cr,O3/Rh) is necessary for H, production; (ii) the
photocatalyst co-loaded with both HER and OER cocatalysts
(Cr,0;3/Rh NPs and Mn;0, NPs) showed higher activity than the

J. Mater. Chem. A, 2020, 8, 16081-16113 | 16091
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Fig. 13
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(A) TEM images of Co,Mn;_,O NPs (~9 nm) with different Co ratios of (a) O, (b) 10, (c) 20, (d) 30, and (e) 40 mol% Co. (B) Time course of

overall water splitting using Cr,Oz/Rh + CoMn3z_,O4/SrTiOz under light irradiation (2 > 300 nm). The amount of loaded Co,Mnz_,O,4 was
0.05 wt% calculated from the sum of Co and Mn. (C) Photocatalytic activities of Cr,O3s/Rh/SrTiOs and Cr,O3z/Rh + Co,Mn3_,O4/SrTiOs in overall
water splitting. Co ratios were 0, 10, 20, 30, and 40 mol% Co. The loading amount was 0.05 wt%, as calculated from the sum of Co and Mn.
Reaction conditions: catalyst, 0.1 g; agueous solution, 100 mL; light source, 300 W Xe lamp (A > 300 nm); reaction vessel, Pyrex top-irradiation
vessel. Reproduced with permission from ref. 186. Copyright 2018 The Royal Society of Chemistry.

photocatalyst loaded with only the HER cocatalyst (Cr,O3/Rh
NPs) (Fig. 11C); and (iii) water-splitting activity depended on the
loading amount of OER cocatalyst (Mn;O, NPs). It was noted
that such a co-loading method of both HER and OER cocatalysts
is also applicable to cases where NPs composed of different
metals are used as cocatalysts.

Thus, control of the cocatalyst is effective for both the HER
and OER. However, in the early stages of research on cocata-
lysts, it was unclear whether the HER or OER was the rate-
limiting step in the water-splitting reaction. In 2014, Domen
and colleagues conducted a study to determine the rate-limiting
step of water splitting."® In this study, GaN:ZnO was again used
as the photocatalyst, along with Mn;O, NPs, RuO, NPs, or IrO,
NPs as the OER cocatalyst and Cr,O3/Rh NPs as the HER
cocatalyst (Fig. 12A). Evaluation of the water-splitting activity of
each photocatalyst revealed that their activities were almost
independent of the type of OER cocatalyst (Fig. 12B). Also, the
amount of loaded OER cocatalyst to achieve high activity was
much smaller than that of the HER cocatalyst. These results
suggested that the HER was the rate-limiting step of water
splitting by the photocatalyst used in this study. Based on these
findings, they also optimized the HER cocatalyst. Specifically,

16092 | J Mater. Chem. A, 2020, 8, 16081-16113

GaN:ZnO photocatalysts co-loaded with RuO, NPs and Cr,0;/
Rh NPs were fabricated by both liquid-phase adsorption of Rh
NPs (3.3 + 0.8 nm) and photodeposition of Rh NPs. They
measured the water-splitting activities of both types of Cr,03/Rh
NPs + RuO, NPs/GaN:ZnO photocatalysts. The photocatalyst
with Cr,O3/Rh NP cocatalyst loaded using liquid-phase
adsorption showed higher water-splitting activity than that
with the cocatalyst NPs loaded using the photodeposition
method. These results indicate that controlling the HER
cocatalyst is very important for enhancing the water-splitting
activity of the GaN:ZnO photocatalyst.

When SrTiO; was used as the photocatalyst instead of
GaN:ZnO solid solution, control of the OER cocatalyst also
proved effective to improve water-splitting activity. In 2018,
Teranishi et al.**® synthesized Co,Mn;_,O, NPs (Co/(Co + Mn) =
0-40 mol%) by doping Co into Mn;O, NPs using a liquid-phase
reduction method (Fig. 13A). The obtained Co,Mn;_,O, NPs
were loaded on an SrTiO; photocatalyst as OER cocatalysts after
Cr,05/Rh NPs were loaded as HER cocatalysts (Fig. 13B). TEM
analysis confirmed that the particle size (~9 nm) of the Co,-
Mn;_,O, NPs was maintained after loading on SrTiO;. The
water-splitting activity of the photocatalyst increased with the

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (A) (a) TEM image and (b) size distribution of adsorbed NCs
estimated from the TEM image of Aups NC/BalasTisO1s. (B) Time
course of water splitting over Au,s NC/BalasTizO15 photocatalyst
(0.1 wt% Au) prepared by the present method (red) and Au NPs/
Bala,TisO45 photocatalyst (0.5 wt% Au) prepared by the conventional
photodeposition method (black). Reaction conditions: photocatalyst,
0.5 g; distilled water, 350 mL; light source, high-pressure Hg lamp
(400 W), inner irradiation cell made of quartz. Reproduced with
permission from ref. 187. Copyright 2013 The Royal Society of
Chemistry.

amount of Co of Co,Mn;_,O,. The photocatalyst loaded with
Co,Mn;_,04 NPs with a Co/(Co + Mn) ratio of 40 mol% showed
water-splitting activity that was 1.8 times higher than that of the
catalyst loaded with Mn;0, NPs (Fig. 13B and C). To investigate
the origin of such activity enhancement, they examined the
electrocatalytic activity of Co,Mn;_,O4-loaded BiVO, photo-
catalysts in the OER. The results revealed that the efficiency of
hole transfer from the photocatalyst to the cocatalyst was not
increased by Co doping. Based on these results, they attributed
the improvement of water-splitting activity to the increased OER
activity on the cocatalyst surface induced by Co doping.

4.1.2. Use of atomically precise colloidal metal NCs. As
shown in Section 4.1.1, using controlled colloidal metal NPs as
a cocatalyst precursor can lead to photocatalysts with improved
water-splitting activity. Among the metal NPs/NCs synthesized
in the liquid phase, SR-protected metal NCs (metal = Au, Ag,
Cu, etc.) can be synthesized with a particle size of about
1 nm.**"*” If such ultrafine metal NCs are used as cocatalysts, it
is expected that highly active water-splitting photocatalysts will
be obtained based on the drastic increase in the surface atomic
ratio of such small cocatalyst particles. In addition, it recently
became possible to substitute some of the metal atoms of SR-
protected metal NCs with a different element.**>® If these
alloys NCs are used as cocatalyst precursors, it is expected that
the effect of the chemical composition of the cocatalyst on the
water-splitting activity of photocatalysts could be clarified at the

This journal is © The Royal Society of Chemistry 2020
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atomic level, thereby providing clear design guidelines for the
development of highly active photocatalysts.

Since 2013, Negishi's group has published several papers on
the use of atomically precise metal NCs as precursors of HER
cocatalysts. First, in 2013, they succeeded in loading Au,; NC
with high dispersion on the surface of a UV light-responsive
Bala,Ti,O;5 photocatalyst.” In this experiment, first, Au,s
NC protected by glutathionate (SG), Au,5(SG)ig, were synthe-
sized precisely. Then, Au,5(SG),s was adsorbed on BaLa,Ti,Oqs.
Thereafter, the ligands of Au,5(SG),s were removed by calcina-
tion, providing Au,s NC-loaded BaLa,Ti,O;5 (denoted as Au,s
NC/BaLa,Ti,O;5). Various evaluations of Au,s; NC/BaLa,Ti,O;5
confirmed that the Au,s NCs were well dispersed on BaLa,Ti,-
0,5 (Fig. 14A), and that most of the ligands were removed by
calcination. The water-splitting activity of Au,s NC/BaLa,Ti,O;5
was 2.6 times higher than that of BaLa,Ti,O,5 loaded with Au
NPs with a diameter of 10-30 nm by the photodeposition
method (this sample is denoted as Au NPs/BaLa,;Ti O;s)
(Fig. 14B). These results indicate that the use of the fine Au NC
cocatalyst is indeed effective for enhancing the water-splitting
activity of the photocatalyst. In another paper, Negishi's group
reported that such an improvement in water-splitting activity
caused by the ultra-miniaturization of the Au cocatalyst also
occurred when SrTiO; was used as a photocatalyst.™® This result
demonstrates that loading the fine Au NC cocatalyst (more
widely metal NCs'*°) is also possible for the other photocatalysts
when using SG as a ligand of NCs.

In 2015, Negishi's group synthesized a series of Au,(SG),,
NCs (n = 10, 15, 18, 25, and 39) with controlled numbers of
constituent atoms with atomic precision and used the NCs as
cocatalyst precursors.”® They investigated the correlation
between cocatalyst size and water-splitting activity. In this
study, when Au,(SG),, NCs (n = 22, 29, and 33) were used as
precursors, the aggregation of Au NCs on the photocatalyst
surface occurred during adsorption or calcination. It has been
revealed that Au,(SG),, NCs (n = 22, 29, and 33) are metastable
species which are kinetically trapped during the NC formation
and decompose (release of SG or Au-SG oligomers) in aqueous
solution in a shorter time when compared with Au,(SG),, NCs (n
=10, 15, 18, 25, and 39).** It was that for Au,(SG),, NCs (n = 22,
29, and 33), part of the Au,(SG),, NCs dissociate during the
stirring process and Au-SG oligomers, formed from the disso-
ciated products, adsorb conjunctively with the Au,(SG),, NCs.
The existence of such Au-SG oligomers was considered to
promote cohesion of clusters on BaLa,Ti,O;5 during calcina-
tion. These results indicate that it is difficult to load Au,(SG),,
NCs that are unstable in solution on the BaLa,Ti,O;5 photo-
catalyst while maintaining the number of constituent atoms of
NCs. This means that it is essential to use metal NCs that are
stable in solution as a cocatalyst precursor to achieve precise
loading of metal NCs (Fig. 15A). Then, the correlation between
cocatalyst size and water-splitting activity was investigated by
evaluating the water-splitting activities of Au, NCs/BaLa,Ti,O;5
photocatalysts prepared using Au,(SG),, NCs (n = 10, 15, 18, 25,
and 39), which are stable in solution,® as cocatalyst precursors.
It was found that the water-splitting activity increased as the
size of the Au,, NC cocatalyst decreased (Fig. 15B). Because the
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increase in activity with cocatalyst size decrease was modest, it
was considered that the change in activity between the catalysts
was mainly caused by the change in the proportion of Au NC
surface atoms with miniaturization (i.e., Au atoms that react
with hydrogen). Conversely, the difference in water-splitting
activity between Au, NCs/BaLa,Ti,O;5 and Au NPs/BaLa,Ti,-
055 could not be fully explained by the difference in the number
of surface atoms (Fig. 15B). From various analyses, it was found
that the activity per Au atom on the surface of Au;, NCs/
BaLa,Ti,O;5 was only about 15-25% of that of Au NPs/BaLa,-
TiyO45. Therefore, it was concluded that the main factor behind
the improved activity caused by the ultra-miniaturization of the
HER cocatalyst (Fig. 15B) was the increase of the number of
surface Au atoms with an efficiency exceeding the decrease in
activity per Au atom.

In the same paper, Negishi et al'® also examined the
importance of ligand removal in such composite systems.
Multiple studies have reported that for composites composed of
Au,(SG),, NCs and semiconductor photocatalysts, electron
transfer occurs even when the ligands are present.”* Indeed,
Au,5(SG) s NC/BaLa,Ti 0,5 that had not been calcined showed
higher water-splitting activity than that of BaLa,Ti,O,5 without
the NC cocatalysts (Fig. 15C). This indicates that electron

A Stable Clusters (n

View Article Online
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transfer occurs between the Au,5(SG);3 NC and BaLa,Ti,O;5
without removing the ligands, and thus Au,5(SG);s NC also
function as a cocatalyst. However, the water-splitting activity of
Au,5(SG)1s NC/BaLa,Ti 045 was about 23% of that of Au,s NC/
BaLa,Ti,O;5 with the ligands removed (Fig. 15C). This means
that the presence of the ligands lowers the efficiency of the
electron transfer between Au,5; NC and BaLa,Ti,O,5 or decreases
the activity of individual Au atoms. These results clarified that
ligand removal by calcination is very important to obtain
composite photocatalysts with high water-splitting activity.

In this way, the use of the fine metal NCs as a cocatalyst is
effective to improve the water-splitting activity of photo-
catalysts. However, the ORR, which is a reverse reaction of water
splitting, proceeds simultaneously with the HER on the Au,s NC
surface.'®® Therefore, to more effectively utilize the high surface
area unique to fine metal NCs and thereby obtain highly active
photocatalysts, it is necessary to form a shell that suppresses
the ORR on the surface of Au,s NC. In 2018, Kurashige and co-
workers attempted to form a Cr,0O; shell on Au,s NC.**° In the
case of the Cr,0O3/Rh NPs described in Section 4.1, the Cr,0;
shell was formed by photodeposition. However, in the case of
Au,s NC/BaLa,Ti,O;5, light irradiation induced the aggregation
of Au,s; NC on BaLa,Ti,O,5. Therefore, it was difficult to use
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(A) Schematic of the size control of Au, NCs loaded on photocatalysts. (B) Effect of cluster size on water-splitting activity studied using

Au, NCs/BalasTisO15 and Au NPs/BalasTizO15 photocatalysts. The average values obtained from four measurements are plotted herein. (C)
Comparison of the photocatalytic activities of BalLasTizO1s, Aups(SG)1g NC/BalasTisO1s, and Aups NC/BalayTisO1s. Reproduced with permission

from ref. 189. Copyright 2015 American Chemical Society.
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values obtained from several experiments are shown. Reproduced
with permission from ref. 190. Copyright 2018 American Chemical
Society.

photodeposition to form a Cr,O; shell on Au,; NC loaded on
BaLa,Ti,O;5 while maintaining the size of the NCs.

Surface science research has revealed that when a metal
oxide supporting metal NPs is heated under H, or O, atmo-
sphere, a strong metal-support interaction (SMSI) is induced
and thereby an oxide film is formed on the metal NPs.***"***
Kurashige et al. attempted to use such an SMSI effect to form
a Cr,0; shell on the Au,s; NC surface (Fig. 16A). Specifically,
a Cr,0; layer was deposited on BaLa,Ti,O;5 by photodeposition
to form Cr,Oz/BaLa,Ti,O;5 before loading Au,s NC (Fig. 16A).
Then, Au,5(SG);s was adsorbed on Cr,03/BaLa,Ti,O;5, and both
ligand removal and surface protection by the SMSI effect were
achieved by calcination. A TEM image of the photocatalyst after
calcination showed the formation of a thin film with a thickness
of about 0.7-0.9 nm around particles with a diameter of about
1 nm (Fig. 16B). This indicates that the Au,s NC were covered
with a chromium oxide layer during calcination (Fig. 16A). Some
of the chromium oxide layer of Cr,03/Au,5 NC/BaLa,Ti,O,5 was
oxidized to a highly oxidized state during calcination. The
photocatalyst was irradiated with UV light to reduce the highly
oxidized chromium oxide to Cr,O; and thereby the desired
Cr,03/Au,s NC/BaLa,Ti,O;5 was obtained. The water-splitting

This journal is © The Royal Society of Chemistry 2020
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activity of Cr,0Os/Au,s NC/Bala,Ti;O,5 was about 19 time
higher than that of Au,s; NC/BaLa,Ti,O;5 (Fig. 16C). This indi-
cates that the formation of the Cr,0; shell is effective at sup-
pressing the ORR on the surface of the Au NC cocatalyst. The
formation of such a Cr,O; shell also suppressed aggregation of
the cocatalyst during light irradiation. This indicates that the
Cr,0; shell formed by the method established by Kurashige and
colleagues improves not only the water-splitting activity but also
the stability of the cocatalyst on the photocatalyst surface.

It is expected that photocatalysts with higher water-splitting
activity could be realized by heteroatom doping of fine Au NC
cocatalysts. In previous studies on the effect of heteroatom
doping on photocatalyst activity, experiments have been con-
ducted using photocatalysts with distributions of the particle
size and doping ratio (chemical composition) of the cocata-
lysts.'®>* To obtain a deep understanding of the effect of
heteroatom doping on photocatalytic activity and thereby
establish clear design guidelines for photocatalyst activation, it
is essential to study composite photocatalysts on which the
cocatalysts have strictly controlled chemical composition.
Recently, Kurashige et al.>** attempted to use Au,,Pd and Au,,Pt
NCs, in which one Au atom of the Au,5 NC is substituted with Pd
or Pt, as an HER cocatalyst. Au,,Pd(SR);5 and Au,,Pt(SR);g NCs
can be precisely synthesized only when a hydrophobic ligand is
used.’®® However, the metal NCs protected by hydrophobic
ligands could not strongly interact with the hydrophilic surface
of BalLa,Ti O;5, which led to poor adsorption on the photo-
catalyst. Then, they replaced some of the ligands of Au,,-
Pd(SR);5 and Au,,4Pt(SR);5 NCs with a hydrophilic ligand, which
allowed them to adsorb on BaLa,TisO¢5 at a high adsorption
rate (Fig. 17A). The ligands on the NC surface were removed by
calcination (Fig. 17A).

Investigation of the photocatalyst loaded with cocatalyst NCs
controlled with atomic precision revealed the following three
points about the heteroatom doping of the Au cocatalyst: (i) the
Pd atom was located on the surface of the metal NC and the Pt
atom was located at the interface between the metal NC and
photocatalyst (Fig. 17B); (ii) Pd doping induced a decrease of
water-splitting activity and Pt doping caused water-splitting
activity to increase (Fig. 17C); (iii) these opposite effects of Pd
and Pt heteroatom doping are strongly related to the location of
the doped heteroatom (Fig. 17B). The results also showed that
combining Pt doping and surface protection of the cocatalyst
with a Cr,0; shell increased the activity and stability of the
photocatalysts to a greater extent than only Pt doping (Fig. 17D).

In the above series of research, Au was used as the base
element of the NC cocatalyst. It has been predicted that Rh has
higher catalytic activity than Au with respect to the HER based
on volcano plots for hydrogen adsorption and desorption.”*
Therefore, it is expected that a highly active water-splitting
photocatalyst could be obtained by loading Rh and Cr oxide
NPs/NCs as an HER cocatalyst on the photocatalyst. Indeed,
Domen and co-workers reported that a photocatalyst loaded
with Rh(i)-Cr(m) mixed oxide NPs (Rh,_,Cr,Os3; particle size =
10-30 nm) showed higher water-splitting activity than that of
photocatalysts loaded with metal NPs composed of other
elements.?**2%7 If ultrafine Rh,_,Cr,O; NCs could be loaded on
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the photocatalyst as an HER cocatalyst, it might be possible to
activate the photocatalyst further. Very recently, Kurashige
et al.”>*® attempted to load fine Rh, ,Cr,O; NCs as an HER
cocatalyst on BaLa,Ti,O;5 by modifying the method shown in
Fig. 16A. Unfortunately, the precise synthesis of Rh, ,Cr,O;
NCs has not been reported. Therefore, in this experiment,
a complex containing Rh,(SG), as the main component was
used as a precursor. First, Rh,(SG), was adsorbed on BaLa,-
Ti,O;5 covered with a Cr,0; film, and then the resulting pho-
tocatalyst was calcined. These operations resulted in loading of
Rh,_,Cr,O; NCs on the photocatalyst (Fig. 18A). Various struc-
tural analyses showed that about six Rh,(SG), complexes
aggregated during adsorption and that the Rh and Cr,O; films
formed solid solutions during calcination (Fig. 18B). Mono-
disperse Rh, ,Cr,O; NCs with a particle size of 1.3 + 0.3 nm
were loaded on Bala,Ti,O;5 by this method (Fig. 18C). The
obtained photocatalyst exhibited an apparent quantum yield of
16% under 270 nm excitation, which is the highest achieved for
Bala,Ti,O;5 to date (Fig. 18D). These results indicate that
loading Rh,_,Cr,O3; NCs by this method is an effective approach
to improve the water-splitting activity of the BaLa,Ti,O;5 pho-
tocatalyst. In principle, this method is applicable to the other
photocatalysts. Rh, ,Cr,O; has already proved a useful cocata-
lyst in many water-splitting photocatalysts.?**>°7>%>?1° In the
future, it is expected that high quantum yields can be achieved
for many water-splitting photocatalysts using this technique.
In the above research, the Cr,O; shell on the cocatalyst
surface suppressed the ORR, which is one of the reverse
reactions of water splitting. When Pt NPs were used as

16096 | J Mater. Chem. A, 2020, 8, 16081-16113

a cocatalyst, the hydrogen oxidation reaction (HOR), which is
also a reverse reaction of water splitting, proceeds simulta-
neously with the HER. In 2013, Wang and colleagues showed
that platinum oxide (PtO) NCs could suppress the HOR.>'* In
their study, UV-responsive TiO, was used as the photocatalyst
and PtO or Pt NCs were used as the HER cocatalyst. To load
PtO NCs on the photocatalyst, TiO,{001} nanosheets and
poly(methacrylic acid) were dispersed in an aqueous solution
containing chloroplatinic acid. Fine PtO NCs were loaded on
TiO, by injecting an aqueous solution of NaBH, into the
vigorously stirring reaction solution to form PtO NCs/TiO,.*"?
The polymer in PtO NCs/TiO, was removed by washing the
sample with ethanol several times. Pt NCs were loaded on
TiO, to form Pt NCs/TiO, using the same mixing method
without polymer. Scanning TEM (STEM) images revealed that
the loaded PtO NCs (Fig. 19A) and Pt NCs had particle
diameters of 1.0 &+ 0.3 and 2.0 £+ 0.5 nm, respectively. The
HER and HOR activities of the obtained photocatalysts were
evaluated (Fig. 19B). It was revealed that PtO NCs/TiO,
showed high HER activity and suppressed HOR activity.
Similar HOR suppression was not observed for Pt NCs/TiO,
(Fig. 19B). To clarify the reasons for this difference, they
conducted density functional theory (DFT) calculations using
PtgOg/TiO, and Pt;,/TiO, as models (Fig. 19C). The results
revealed that the reaction between H and O occurred easily
on Pt;,/TiO, because the adsorption energies of Pt-H and Pt-
O were large. Conversely, for PtgOg/TiO,, it was shown that it
was difficult for the HOR to occur because the adsorption
energies of H and O were smaller than those of Pt;,/TiO,

This journal is © The Royal Society of Chemistry 2020
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(Fig. 19D). In this study, because PtO NCs were synthesized
and loaded on TiO, in a single reaction system, it is difficult
to judge whether size-controlled PtO NCs were synthesized
and subsequently loaded on TiO, or the size of PtO NCs
loaded on TiO, was controlled by the coexistence of polymer.
In addition, the number of constituent atoms of the PtO and
Pt NCs was not controlled with atomic precision. However,
this study is important because it revealed a different
approach to inhibit reverse reactions of water splitting.

In this way, the use of metal NCs with controlled fine size as
a cocatalyst can induce an increase in water-splitting activity
because of their large surface area. Such precisely controlled
cocatalysts make it possible to obtain a deep understanding of
the effects of cocatalyst size and heteroatom doping on photo-
catalyst activity, as well as the origins of these effects. The
findings obtained from these studies are expected to lead to
clear design guidelines for the development of highly active and
stable water-splitting photocatalysts.

4.1.3. Use of other controlled NPs/NCs. Finally, we intro-
duce an example in which the particle size of the cocatalyst of
the water splitting photocatalyst was successfully controlled by
a method other than the liquid-phase adsorption method. In
2015, Maeda et al. succeeded in loading fine Pt NCs (<1 nm)
relatively monodispersely between an anionic nanosheet layers
of KCaNb;0;, by adsorbing cationic Pt complexes ([Pt(NH3),]

This journal is © The Royal Society of Chemistry 2020

Cl,-H,0) on the surface of an anionic nanosheet by electrostatic
interaction and then conducting the hydrogen reduction on the
resulting sample (intercalation method).?** Pt NCs/KCa,Nb30;,
obtained by this method showed higher water-splitting activity
than Pt NCs/KCa,Nb;0;, prepared by the impregnation method
and RuO, NPs/KCa,Nb;O,, fabricated by the intercalation
method. It was interpreted that the Pt NCs were loaded mono-
dispersely between the nanosheets because it was difficult for
the formed Pt NCs to aggregate between the nanosheets due to
steric hindrance. In this way, the control of the particle size of
the cocatalyst by a method other than the liquid-phase
adsorption method has also been progressing in recent years.

4.2. Application in H, evolution

In addition to the studies on overall water splitting described in
Section 4.1, many reports on the improvement of the activity of
each half reaction of water splitting (HER and OER) by
controlling the cocatalyst have appeared recently. In the
following subsections, we focus on research of HER using
controlled colloidal metal NPs/NCs and introduce some typical
research examples. The photocatalysts used in these studies are
also summarized in Fig. 7. The materials and conditions used in
the experiments are summarized in Table 2.

4.2.1. Use of colloidal metal NPs. Metal NPs have different
electronic states and surface energies depending on the crystal
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(A) Representative STEM image clearly showing isolated three-dimensional PtO NCs (bright spots). (B) (a) Reaction time profiles of

the HOR with H, and O, on PtO NCs/TiO, and Pt NCs/TiO, photocatalysts under UV-visible light irradiation (1 > 300 nm). (b) H, evolution
and undesirable oxidation in methanol aqueous solution during three cycles of light irradiation (A > 300 nm, 2 h) followed by dark
conditions (light off, 2 h) on PtO NCs/TiO, and Pt NCs/TiO,. (C) (a) Structure of the anatase TiO,(001) surface. (b) Optimized PtgOg NCs
adsorbed on the TiO,(001) surface (PtgOg NCs/TiO,) and (c) optimized Pt;, NCs/TiO,. (d) Transition state structure of H*~H* coupling on
PtgOg NCs/TiO; in the liquid phase, which contained two layers of water molecules above the PtgOg NCs. (e) Standard Gibbs free energy
profile of the HER in aqueous solution on PtgOg NCs/TiO,. (f) Standard Gibbs free energy profile of H, reacting with O, on PtgOg NCs/TiO,

and Pt;» NCs/TiO; surfaces in the gas phase. Dark blue, gray, white,
PtO NCs and m-Pt NCs cocatalysts acted as H, evolution sites on the

and red balls represent Pt, Ti, H, and O atoms, respectively. (D) Both
host photocatalyst surface. The undesirable H, reverse-reaction was

suppressed by the PtO NC cocatalyst but facilitated by the Pt NC cocatalyst. Reproduced with permission from ref. 211. Copyright 2013

Nature Publishing Group.

face. Therefore, the adsorption of NPs on a substrate differs
depending on the crystal face, and thereby the activity of the
metal NPs also varies depending on the exposed crystal face. In
2013, Lu et al*** showed that controlling such crystal faces
indeed led to changes in photocatalytic activity. In their study,
UV-responsive TiO, was used as a photocatalyst. First, cubic-
shaped Pt{100} NPs (4.7 £ 1.6 nm), hexagonal-shaped Pt{100/
111} NPs (6.0 £ 1.5 nm), and tetrahedral-shaped Pt{111} NPs
(6.5 £ 2.0 nm) were synthesized (Fig. 20A). Each type of Pt NPs
was adsorbed on TiO, by stirring the Pt NPs with TiO, in water.
In a series of photocatalytic HER activity measurements, the

16098 | J. Mater. Chem. A, 2020, 8, 16081-16113

photocatalyst using Pt{111} NPs as the cocatalyst showed the
highest HER activity (Fig. 20B and C). Pt{111} NPs have a higher
percentage of Pt atoms at the corners and edges than is the case
for Pt{100} NPs and Pt{100/111} NPs. Therefore, the apparent
activation energy of Pt{111} NPs for H, generation is low
(Fig. 20D). In addition, the Pt{111} NPs contain many active
sites. It was considered that these reasons led to the rapid
progress of the HER on the Pt{111} NP surface. Model calcula-
tions showed that it was easier to form H, molecules via
bonding of each hydrogen atom on the Pt{111} NP cocatalyst

This journal is © The Royal Society of Chemistry 2020
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phase adsorption method for hydrogen production (half reaction)

Cocatalyst
Semiconductor Kinds Loading amount  Size Light source Reactant solution Ref.
TiO, Pt NPs {100} 0.5 wt% 47 +1.6nm 300 W Xe lamp (2 > 420 nm) 15% (v/v) TEOA aq. 214
Pt NPs {100/111} 0.5 wt% 6.0 + 1.5 nm with Eosin Y
Pt NPs {111} 0.5 Wt% 6.5 + 2.0 nm
TiO, Au NPs {100} 0.5 wt% 9.2 nm 300 W Xe lamp (4 > 420 nm) 15% (v/v) TEOA aq. 215
Au NPs {100/111} 0.5 wt% 9.5 nm with Eosin Y
Au NPs {111} 0.5 wt% 8.5 nm
2-C3N, Rh NPs 0.25 wt% 41+ 0.8nm Xelamp (420 <A< 630 nm)  10% methanol aq. 216
0.23 wt% 5.9+ 1.1 nm
0.34 wt% 7.8 £ 1.4 nm
0.27 wt% 9.1 £ 1.7 nm
2-C3Ny, Ni(OH), NPs 1 wt% <100 nm 300 W Xe lamp (2 > 400 nm) 10 vol% methanol aq. 217
AlLSi,05(0H),
cds Pt-Pd NPs {100} 0.5 wt% 7.9 nm 300 W Xe lamp (1 > 420 nm) 1.0 M (NH,),SO; aq. 218
(Pt:Pd=2:1)
Pt-Pd NPs {111} 0.5 wt% 5.2 nm
(Pt:Pd=2:1)
TiO, CuO NPs (A-C) Cu/Ti ratio: 3 nm 400 W Hg lamp 10 vol% methanol aq. 219
nanotubes 9 atom%
CuO NPs (WI) Cu/Ti ratio:
9.6 atom%
Cds Pt NCs 1 wt% 0.9+ 0.1nm 300 W Xe lamp (2 > 420 nm) Na,S and Na,SO; aq. 220
Pt NPs 1 wt% 5 nm
2-C3N, Agys 0.2 wt% 1.5+ 0.25 nm Visible light (A > 420 nm) 10 vol% TEOA agq. 221
PtAg,, 0.2 wt% 1.5 £ 0.25 nm
2-C3N, Auys 0.18 wt% Visible light (A > 420 nm) 10 vol% TEOA aq. 224
0.49 wt%
0.96 wt%
ZIF-8/TiO, Au,;s Re complex 1.2 nm 300 W Xe lamp (4 > 420 nm) H,O (1 mL), TEOA (1 mL), 225
Au NPs Re complex ~10 nm acetonitrile (4 mL),

surface than was the case on the Pt{100} NPs and Pt{100/111}
NPs.

In 2014, Lu's group also conducted similar research using Au
NPs.?*® In this experiment, first, cubic-shaped Au{100} NPs,
truncated cubic-shaped Au{100/111} NPs, and octahedral-
shaped Au{111} NPs were synthesized by liquid-phase reduc-
tion. Each type of Au NPs was adsorbed on TiO, by stirring the
Au NPs and TiO, in water. A series of photocatalytic HER activity
measurements revealed that the photocatalyst using Au{111}
NPs as a cocatalyst (denoted as Au{111} NPs/TiO,) possessed the
highest HER activity of the samples. Photoluminescence
measurements and model calculations indicated that Au{111}
NPs/TiO, showed high HER activity because of the same
reasons as Pt{111} NPs/TiO,.

As shown in the above examples, to control the cocatalyst, it
is very important to select an appropriate element, refine the
particle size, improve the dispersibility, form an alloy, form
a shell to suppress reverse reactions of water splitting, and
control shell thickness. In 2014, Hensen et al.**® showed that the
valence state of the Rh NP surface had also a large effect on the
HER activity of a complex system composed of Rh NPs and
visible light-responsive g-C;N, photocatalyst. They synthesized
PVP-Rh NPs with sizes of 4.1 + 0.8, 5.9 + 1.1, 7.8 + 1.4, and 9.1
+ 1.7 nm and adsorbed them on g-C;N, to form PVP-Rh NPs/g-

This journal is © The Royal Society of Chemistry 2020

[Ru(bpy);]Cl,-6H,0 (10.0 umol)

C3N, (Fig. 21A). Then, PVP on the Rh NP surface was removed by
ozone oxidation. In general, removal of the protective ligand
induces an increase in HER activity. However, the Rh NPs/g-
C;3;N, samples obtained after ozone oxidation showed lower
HER activity than PVP-Rh NPs/g-C;N, (Fig. 21B). When the
samples after ozone oxidation were calcined under H, flow,
their activity increased. These results indicated that the activity
decreased when the surface of the Rh NP cocatalyst was oxidized
by ozone, whereas the activity increased when the Rh NPs were
reduced by calcination under flowing H,. Thus, it was clarified
that the high metallicity of the cocatalyst surface is important to
improve the HER activity of Rh NPs/g-C3N, photocatalysts.
Recently, Hojamberdiev et al.*'” also studied the HER activity
of g-C3N,. In their study, Ni(OH),, which is a relatively inex-
pensive HER cocatalyst, and halloysite (Al,Si,05(OH),) as a hole
trapping agent were co-loaded on g-C;N, (Fig. 22A). The HER
activity of the obtained photocatalyst was measured in an
aqueous solution containing 10 vol% methanol as a sacrificial
agent. The HER activity of the catalyst loaded with 1 wt%
Ni(OH), was about 40 times higher than that of g-C;N, alone.
This indicates that co-loading Ni(OH), and halloysite is an
effective approach to improve the HER activity of g-C3;N,.
Ni(OH), loaded on a photocatalyst promoted charge separation
by capturing photoexcited electrons, and the negative charges

J. Mater. Chem. A, 2020, 8, 16081-16113 | 16099
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(A) TEM images of (a) Pt{1003}, (b) Pt{100/111}, and (c) Pt{111} NPs, respectively. The insets are schematics of the corresponding Pt NPs. (B)

H, evolution rates of Eosin Y (4.0 x 10~ M)-sensitized Pt{100} NPs/TiO,, Pt{100/111} NPs/TiO,, and Pt{111} NPs/TiO, photocatalysts from
100 mL of 15% (v/v) TEOA aqueous solution under visible light irradiation (1 > 420 nm). (C) Apparent quantum yield of the HER for the above three
photocatalysts. Light source: 300 W Xe lamp with either a cut-off filter of 420 nm or band-pass filter. (D) Schematic of the different energy levels
of Pt{100} (solid curve) and Pt{111} (dotted curve) facets. Reproduced with permission from ref. 214. Copyright 2013 American Chemical Society.

on the halloysite surface captured holes generated by photoex-
citation. This behavior led to the extremely high HER activity of
the catalyst co-loaded with Ni(OH), and halloysite (Fig. 22B). A
model calculation was performed to evaluate the adsorption
affinity of water and methanol molecules on the catalyst
surface. The results showed that the combination of g-C3N,,
halloysite, and Ni(OH), promoted the adsorption of water and
methanol on the cocatalyst surface.

In the above research on HER cocatalysts, mono-metal NPs
were used. In 2016, Yao and colleagues reported a study using
alloy NPs as a cocatalyst.”*® In this study, visible light-responsive
CdS was used as the photocatalyst and Pt-Pd alloy NPs were

used as the cocatalyst. The loaded Pt-Pd NPs were Pt-Pd
nanocubes with an {100} crystal plane (Fig. 23A) and Pt-Pd
nano-octahedra with the {111} crystal plane. Both types of NPs
were synthesized with multiple compositions (Pt: Pd = 1:1,
2:1,3:1, and 1: 2). The HER activity of the obtained photo-
catalysts was measured in aqueous solutions containing
ammonium sulfite as a sacrificial agent. The catalyst loaded
with Pt-Pd NPs with a Pd : Pt ratio of 2 : 1 showed the highest
activity. This finding was attributed to the optimized hydrogen
adsorption/desorption energy on the cocatalyst surface with
a Pt: Pd ratio of 2 : 1. In addition, comparison of cocatalysts
with different crystal planes revealed that the Pt-Pd nanocubes
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Fig. 21 (A) Representative TEM images and particle size distributions of (a) PVP—Rh (4.1 nm) NPs/g-CzNy, (b) PVP—Rh (5.9 nm) NPs/g-C3Ny, (c)
PVP—Rh (7.8 nm) NPs/g-CsN,4 and (d) PVP-Rh (9.1 nm) NPs/g-C3zNy4. (B) Photocatalytic hydrogen production rates as a function of time for (a)
pure g-CsNy, (b) PVP—Rh (4.1 nm) NPs/g-C3Ny, (c) PVP—Rh (5.9 nm) NPs/g-CzNy, (d) PVP—Rh (7.8 nm) NPs/g-CzN4 and (e) PVP—Rh (9.1 nm) NPs/
g-C3N4. Reproduced with permission from ref. 216. Copyright 2014 Elsevier Ltd.
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Fig. 22 (A) TEM and high-resolution TEM images of (a) g-CzN4, (b)

Ni(OH),, (c) halloysite, and (d) Ni(OH),/g-C3N,4 halloysite nano-
composites prepared with 1 wt% Ni(OH),. (B) Schematic representa-
tion of the separation and transfer of photogenerated charge carriers
involved in photocatalytic H, evolution over the developed nano-
composite. Reproduced with permission from ref. 217. Copyright 2019
Elsevier Ltd.

with the {100} crystal plane had higher activity than that of the
Pt-Pd nano-octahedra with the {111} crystal plane (Fig. 23B).
The {100} crystal plane has a lower atomic density than that of
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the {111} crystal plane. They interpreted that the Pt-Pd nano-
cubes showed higher activity than the Pt-Pd nano-octahedra
because the electron transfer from the photocatalyst to the
cocatalyst occurred more efficiently on the {100} crystal plane
than on the {111} crystal plane due to the lower atomic density
of the former than the latter.

The shape and crystal plane of the photocatalyst also affect
HER activity. In 2011, Sun et al.>* reported that the HER activity
of TiO, was improved when its morphology was modified to
form cylindrical TiO, nanotubes (TNT) (Fig. 24A(a)). In this
study, CuO NPs were used as an HER cocatalyst. CuO NPs were
loaded on TiO, and TNT by adsorption and calcination (deno-
ted as A-C; this is the same as liquid-phase adsorption) using
Cu(NO3), as a precursor to form CuO NPs(A-C)/TiO, and CuO
NPs(A-C)/TNT, respectively (Fig. 24A(b)). For comparison, CuO
NPs were also loaded on TiO, and TNT by wet impregnation
(WI) to give CuO NPs(WI)/TiO, and CuO NPs(WI)/TNT, respec-
tively (Fig. 24A(c)). The HER activity of this series of photo-
catalysts was measured in an aqueous solution containing
methanol as a sacrificial agent. The results revealed that the
HER activity of the photocatalysts increased in the following
order: CuO NPs(A-C)/TNT > CuO NPs(WI)/TNT > CuO NPs(A-C)/
TiO, > CuO NPs(WI)/TiO, (Fig. 24B). CuO NPs(A-C)/TNT showed
the highest activity, which was higher than that of the corre-
sponding photocatalyst using noble metal Pt/Ni NPs as
a cocatalyst. Because TNTs are cylindrical, they have a high
specific surface area (Fig. 24C). In addition, adsorption and
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(A) (a) TEM and high-resolution TEM images and (b) particle size distribution of Pt—Pd (1 : 1) alloy nanocubes (Pt—Pd (1 : 1) nanocubes). (B)

(a) Irradiation time course for H, evolution over Pt—Pd (1 : 1) nanocubes/CdS, Pt—Pd (1 : 1) nano-octahedra/CdS, and bare CdS photocatalysts. (b)
Photocatalytic turnover frequencies (TOF) of Pt—Pd nanocubes/CdS and Pt—Pd nano-octahedra/CdS photocatalysts. Reproduced with

permission from ref. 218. Copyright 2016 American Chemical Society.
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Fig. 25 (A) TEM image of 5 wt% Pt NCs loaded on Al,Os. The inset is the particle size distribution determined from the TEM image, showing an
average Pt NC diameter of 0.9 &+ 0.1 nm. (B) Rate of H, evolution of CdS under different conditions. (C) Contours of electrostatic surface potential
of Ptsg NC/CdS on cutting planes that are normal to the (b) z-axis and (c) x-axis, as highlighted in blue in the structural modelin (a). z- and x-axes
are along the [1010] and [0001] directions, respectively. Potential energies are in eV. Reproduced with permission from ref. 220. Copyright 2015
The Royal Society of Chemistry.
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calcination loaded cocatalyst NPs with higher dispersibility
than that in the case of wet impregnation, and NP aggregation
was less likely to occur in the former samples than in the latter.
The high HER activity of CuO NPs(A-C)/TNT was ascribed to
these factors.

4.2.2. Use of atomically precise colloidal metal NCs. In
2015, Orlov et al.**° used metal NCs instead of metal NPs as HER
cocatalysts. First, they synthesized fine PVP-Pt NCs by liquid-
phase reduction. The obtained PVP-Pt NCs were adsorbed on
CdS as a photocatalyst. Calcination of PVP-Pt NCs/CdS at 400 °C
under reduced pressure for 24 h and then 400 °C under flowing
hydrogen for 2 h gave Pt NCs/CdS. TEM measurements revealed
that the loaded Pt NCs had an average particle size of only about
0.9 nm (Fig. 25A). The HER of the obtained Pt NCs/CdS pho-
tocatalyst was measured in an aqueous solution containing
Na,S and Na,SO; as sacrificial agents. The HER activity of Pt
NCs/CdS was 17 times higher than that of CdS without a cocat-
alyst (Fig. 25B). Also, Pt NCs/CdS showed higher HER activity
than CdS with Pt NPs with a size of about 5 nm as a cocatalyst.
These results indicated that Pt NCs are effective as HER cocat-
alysts and that miniaturization of cocatalysts can induce acti-
vation. Using a model in which a Pt;3 NC was adsorbed on the
CdS (1010) plane, they investigated the interface structure and
electronic interaction between the Pt NC and CdS in this
composite system by a DFT calculation (Fig. 25C). The results
revealed that the electronic structure and local surface potential
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changed on both the Pt NC and CdS surfaces because of the
strong geometrical and electronic interactions between them.
They stated that understanding the structural and electronic
interactions between the NCs and photocatalyst is important for
elucidating the reaction mechanism to optimize hydrogen
production.

In the above study, although the cocatalyst (~0.9 nm) was in
the size range of NCs, it is not clear whether the number of
constituent atoms was controlled with atomic precision. In
recent years, there have been several studies using NCs with
atomic precision as cocatalyst precursors. In 2017, Yang et al.>*!
studied the HER activity of photocatalyst systems using [Ags(-
SPhMe,);5](PPh,) (SPhMe, = 2,4-dimethylbenzenethiolate;
PPh, = tetraphenylphosphine) and [PtAg,,(SPhMe,);5](PPh,),
as cocatalyst precursors. [Ag,s(SPhMe,);5|(PPh,) and [PtAg,.(-
SPhMe,);5](PPh,), were synthesized by the methods reported by
Bakr et al.*** and Zhu et al.,** respectively. Each type of NC was
adsorbed on g-C3;N, by stirring for 12 h in a toluene/
dichloromethane mixture with g-C;N,. The samples were
calcined at 150 °C under flowing Ar for 2 h to yield Ag,s NC/g-
C;3N, and PtAg,, NC/g-C3N,. Both types of NCs had a particle
size of about 1 nm. The removal of the ligands was confirmed by
photoelectron spectroscopy. X-ray photoelectron spectroscopy
and X-ray absorption fine structure analyses confirmed that Pt
and Ag were in a zero-valent oxidation state in the NCs loaded
on the photocatalyst. The photocatalysts were dispersed in an

B 240
g-CN, Ag,s NC/ Pt,Ag, NC/
9-CsN, g-C3N,
B B o —— ——
2 160
=5
=
i) -1
5
o
>
®, 804
I
0 -
D

Fig. 26 Photocatalytic H, evolution performance. (A) Comparison of the photocatalytic H, evolution activities of g-CsN4, Ag NPs/g-C3N4, Agzs
NC/g-CsNg4, and PtAgo4 NC/g-C3sN4. (B) Cycling runs of photocatalytic H, evolution over g-C3sN4, Agas NC/g-CsNg4, and PtAg4 NC/g-CsNy. (C)
Transient OCVD measurements. The inset shows the average lifetimes of the photogenerated carriers (z,) obtained from the OCVD
measurements. (D) Proposed photocatalytic H, evolution mechanism. Reproduced with permission from ref. 221. Copyright 2017 The Royal

Society of Chemistry.
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aqueous solution containing TEOA as a sacrificial agent and
irradiated with visible light (>420 nm) to induce the HER. It was
found that PtAg,, NCs/g-C3;N, generated four times as much
hydrogen as Ag,5/g-C;N,. The HER activity of PtAg,, NC/g-C3N,
was 330 times higher than that of g-C;N, without a cocatalyst
(Fig. 26A and B). Open-circuit voltage decay (OCVD) measure-
ments revealed that PtAg,, NC/g-C;N, had a longer carrier
lifetime than that of Ag,s NC/g-C3N, (Fig. 26C). The high HER
activity of PtAg,, NC/g-C3N, was ascribed to effective trapping of
the photoexcited electrons by Pt, which suppressed the recom-
bination of electrons and holes (Fig. 26D). Thus, electron
transfer was promoted by substituting one Ag atom of Ag,s with
Pt, thereby improving the HER activity of the resulting NC-
loaded photocatalyst.

In 2018, Fang et al.>** also succeeded in improving the HER
activity of g-C3;N, using precisely controlled metal NCs as
a cocatalyst. They used Au,s(Cys);s with 1-cysteine (Cys) as
a ligand as a cocatalyst. First, Au,s(Cys);s (0.18, 0.49, or
0.96 wt%) and g-C3;N, were stirred in ethanol for 1 h to adsorb
Au,5(Cys);g on g-C3N,. The obtained series of photocatalysts was
dispersed in aqueous solutions containing TEOA as a sacrificial
agent and then the HER was induced by irradiating the aqueous
solution with visible light (>420 nm). The photocatalyst with
0.96 wt% Au,5(Cys);s exhibited the highest HER activity of the
samples (Fig. 27A and B). Photoelectrochemical and photo-
luminescence measurements showed that the photocatalyst
loaded with 0.96 wt% Au,s(Cys);s promoted charge separation
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to the greatest extent of the catalyst series. Based on these
results, they concluded that the adsorption of Au,s(Cys),s not
only provided HER active sites, but also induced effective
interfacial charge transfer between the cocatalyst and g-C;N,
(Fig. 27C and D).

Thus, the precisely controlled NCs function as an effective
HER cocatalysts. In addition, as described in Section 4.2, when
precisely controlled NCs are used as a HER cocatalyst, it is easy
to analyze the structure of the cocatalyst and clarify the origin of
the improved activity. To utilize the advantages of such precise
NCs, it is necessary to suppress aggregation of the cocatalyst on
the photocatalyst surface. Section 4.2 revealed that the forma-
tion of a Cr,0; shell suppressed both cocatalyst aggregation and
the reverse reaction of water splitting. In 2019, Shi et al**®
revealed that encapsulating precisely controlled NCs with
metal-organic frameworks (MOFs) can also suppress the
aggregation of NCs. In this study, Au,s was used as a precisely
controlled NC and ZIF-8 was used as the MOF. First, Au,5(SG)3
(~1.2 nm) was encapsulated into ZIF-8 by a coordination-
assisted self-assembly strategy. Next, TiO, crystals were grown
on the ZIF-8 surface by a hydrothermal method. Finally,
arhenium (Re) complex was adsorbed on the surface of the TiO,
crystals to form ZIF-8/Au,5(SG)s NC/TiO,-ReP with an Au
content of 0.5 wt% (Fig. 28A). In this photocatalyst, Au,5(SG)1s
was used as an HER cocatalyst and the Re complex was used as
a cocatalyst for the CO, reduction reaction. TEM measurements
confirmed that during the preparation of ZIF-8/Au,5(SG);s NC/
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(A) Plots of photocatalytic H, production under visible-light irradiation by g-CzsN4 (GCN), Au,s(Cys);g NCs/GCN, Au NPs/GCN, and Pt

NPs/GCN photocatalysts. (B) Rate of H, evolution by various Au,s(Cys);g NCs/GCN photocatalysts under visible light. (C) Energy diagram and (D)
schematic diagram of photocatalytic H, evolution by Au,s(Cys)ig NCs/GCN photocatalysts. Reproduced with permission from ref. 224.

Copyright 2018 American Chemical Society.
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TiO,-ReP, the aggregation of Au,5(SG);g NC hardly occurred.
The obtained photocatalyst was dispersed in an aqueous solu-
tion containing TEOA as a sacrificial agent and irradiated with
visible light (>420 nm) to induce the HER and CO, reduction
reaction. The HER activity of ZIF-8/Au,5(SG),s NC/TiO,-ReP was
about twice that of the case using Au NPs (~10 nm) as the HER
cocatalyst. The turnover frequency of ZIF-8/Au,5(SG);s NC/TiO,-
ReP was 87 h™' (based on an Au content of 0.5 wt%) and its
apparent quantum yield at 500 nm was 2.06%. No decrease in
activity was observed even when the light irradiation was
continued for 7.5 h. In addition, high-angle annular dark field-
STEM-energy-dispersive X-ray spectroscopy measurements
indicated that the monodispersity of the Au,5(SG);g NC in ZIF-8/

View Article Online
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photocatalytic reaction (Fig. 28B). These results demonstrated
that encapsulating the cocatalyst with an MOF is also an effec-
tive way to produce stable and highly active photocatalysts.
4.2.3. Use of other controlled NPs/NCs. In this way, using
the liquid-phase adsorption method makes it easy to control the
particle size of the HER cocatalyst. On the other hand, there are
several examples in which the particle size of the HER cocatalyst
was successfully controlled by the conventional method. For
example, in 2008, Mallouk et al. directly deposited Rh(OH); NPs
on the layers of Dion-Jacobson-type perovskite HCa,Nb;0,, or
KCa,Nb;0,,, and then calcinated the sample to uniformly load
Rh,0; NPs between the layers.”*® Fine Rh,0; NPs were consid-
ered to be loaded in a highly dispersed state between the layers
of KCa,Nb;04, because Rh*" in Rh(OH); NCs was immobilized
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a TiO; shell followed by grafting of RePH molecules, and the photocatalytic processes of CO, reduction and H, generation over ZIF-8/Au,5(SG)1s
NC/TiO,-ReP under visible-light irradiation. (B) TEM images of (a) ZIF-8/Au,5(SG)1g NC, (b) ZIF-8/Au,s5(SG)1g NC/TiO,, (c) ZIF-8/Au,s5(SG)1g NC/
TiO,-ReP, (a') ZIF-8/Au NPs, (b’) ZIF-8/Au NPs/TiO,, and (c’) ZIF-8/Au NPs/TiO,-ReP, and (d) high-resolution TEM image and (e) elemental maps
of ZIF-8/Au,5(SG)1g NC/TiO,-ReP. Green: Ti, purple: O, red: Au, pink: Re, yellow: Zn. Reproduced with permission from ref. 225. Copyright 2019
Royal Society of Chemistry.
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Fig. 29 (A) TEM image of as-prepared CozO4 NPs. (B) Wavelength
dependence O, evolution rate over 3 wt% CozO4 NPs/g-C3N4. The
inset is the O, evolution curves under visible light (A > 455 nm).
Reproduced with permission from ref. 227. Copyright 2017 Royal
Society of Chemistry.

on the surface of the Nb oxide layer of the photocatalyst via
covalent bonds (Rh-O-Nb) and thereby the formed Rh,0; NPs
couldn't aggregate on the surface of the Nb oxide layer. TEM
images revealed that the loaded Rh,0; NPs had a particle size of
0.7 = 0.2 nm in the case of the loading amount of Rh being
1.0 wt%, whereas 1.1 £ 0.3 nm in the case of the loading
amount of Rh being 10 wt%. Photocatalytic activity measure-
ments revealed that the obtained Rh,0; NPs/KCa,Nb;0,, has
high photocatalytic activity for H, evolution from aqueous
methanol solution.

4.3. Application in O, evolution

4.3.1. Use of colloidal metal NPs. There are only a few
examples of the use of metal NPs/NCs as OER photocatalysts.
For example, in 2012, Wang et al. synthesized Co;O, NPs by
hydrothermal method and loaded them on g-C3;N,.**” TEM
measurements confirmed that Co;O, NPs with ~3 nm were
loaded on g-C3;N, by this method. Such loading of Co;0, NPs

View Article Online
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promoted the charge separation in the composite of Co3;0, NPs/
2-C3N, and showed an apparent quantum yield of 1.1% (at 420
nm) for oxygen production from aqueous silver nitrate solution
(Fig. 29 and Table 3).

4.3.2. Use of other controlled NPs/NCs. Thus, there are
only few examples of controlling the particle size of HER
cocatalyst by liquid-phase adsorption method. On the other
hand, there are some examples of controlling OER cocatalysts
using the other method. For example, in 2017, Abe and
colleagues have succeeded in controlling OER cocatalysts.?*® In
this study, WOz, RuO,-nH,0 NPs, and I0; /I were used as the
OER photocatalyst in a Z-scheme system (Fig. 4B), cocatalyst,
and electron mediator, respectively. Because the reduction
reaction of 105~ is a six-electron reaction, it is rate-limiting in
the water-splitting reaction of Z-scheme systems. Therefore, it is
necessary to load PtO, or RuO, as a cocatalyst on the OER
photocatalyst to accelerate this rate-limiting reaction. However,
because the conventional loading method includes calcination,
it is difficult to use this loading method for thermally unstable
photocatalysts. Therefore, they attempted to load the cocatalyst
on the photocatalyst (RuO,-nH,0O/WO3) simply by stirring the
cocatalyst precursor (RuClz) and photocatalyst (WO3) together
in solution. They also prepared a sample that was calcined after
adsorption for comparison (RuO,/WOj;). These two photo-
catalysts were subjected to electrochemical measurements
under light irradiation to evaluate their I0°~ reduction activity.
RuO, - nH,0/WO; showed higher activity than RuO,/WOj for the
reduction of 10°~. RuO,-nH,0/WO; also showed higher activity
in the photocatalytic OER than RuO,/WOj;. These results were
attributed to RuO,-nH,O0 loaded by just adsorption accelerating
the I0;™ reduction reaction more than RuO, loaded by a calci-
nation process. Thus, the cocatalyst of the OER photocatalyst
affects the reduction reaction rate of the electron mediator. This
means that control of the cocatalyst of OER photocatalysts is
also effective for enhancing the functionality of Z-scheme-type
photocatalysts. This paper further showed that such a method
is also effective for enhancing the activities of H,WO, and
TazNs, which are thermally unstable OER photocatalysts. In
another recent paper, Maeda et al.>** loaded RuO, on a nitrogen/
fluorine-co-doped rutile TiO, (R-TiO,:N,F) photocatalyst by the
same loading method. This demonstrates that the adsorption
method reported by Abe's group is highly versatile.

5. Information on interface between
NPs/NCs and photocatalysts

In order to improve the functionality of water-splitting photo-
catalysts on the basis of the design guidelines, it is essential to

Table 3 Materials and experimental conditions in the study using liquid-phase adsorption method for oxygen production (half reaction)

Cocatalyst
Semiconductor Kinds Loading amount Size Light source Reactant solution Ref.
g-CsN, Co;0, NPs 3 Wt% ~3 nm 300 W Xe lamp (A > 455 nm) 0.01 M AgNO; aq. 227
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elucidate the charge transfer rate, geometric and electronic
structures, and interactions at the interface of NPs/NCs-
photocatalysts. The measurements of the transient absorption
and fluorescence decay are effective ways to determine the
charge transfer rate.”**”** For example, Lee et al. measured
fluorescence decay of Au,(SG),, NPs/ZnO and thereby elucidated
that the rate of the charge transfer at the interface is enhanced
as the size of the Au,(SG),, increases.”®” For the elucidation of
the geometrical/electronic structure of the loaded NPs/NCS and
the surface of the substrate, scanning probing microscope
(SPM) is a powerful tool.***>*® For example, Diebold et al
successfully elucidated the growth pattern of Au NPs and Pt NCs
on the surface (101) of anatase-type TiO, using the scanning
tunneling microscope.”®® DFT calculations are promising for
understanding the geometrical and electronic interaction at the
interface.”®**** For example, Libuda et al. performed DFT
calculations on the model of Pt NPs/CeO, catalyst and found
that there are two kinds of the strong interactions between Pt
NPs and CeO,, the electron transfer from Pt NPs to CeO, and the
oxygen transfer from CeO, to Pt NPs. The latter effect was found
to be unique to nanoscale CeO,.>*°

Thus, spectroscopy, SPM, and DFT calculations are powerful
tools for elucidating the phenomenon occurred at the interface
of NPs/NCs-photocatalysis. In addition to these methods, elec-
trochemical measurements are also useful for predicting the
appropriate cocatalysts'*»'?>?** because the overpotential ob-
tained by electrochemical measurements are strongly related to
the activation energy of each reaction. At present, these
measurements and analyses have not been necessarily con-
ducted for the photocatalysts described in Section 4. However,
these measurements and analyses should be conducted also for
the studies using the advanced water-splitting photocatalysts
(Section 4). The results would provide a deeper understanding
of their interfaces and enable us to predict the appropriate
elements, size, and geometric structure of the cocatalysts suit-
able for obtaining highly active photocatalysts.

6. Summary

This review summarized recent studies on the application of
metal NPs/NCs in water-splitting photocatalysis. Through this
summary, the followings points regarding cocatalyst control
were clarified.

(i) The use of precise synthesis and structure control tech-
niques (nanotechnology) established in the fields of colloid, NP,
and NC chemistry are effective for controlling the cocatalysts of
water-splitting photocatalysts to obtain highly active water-
splitting photocatalysts. At present, the kinds of ligands of the
NPs/NCs and the photocatalysts used for liquid-phase adsorp-
tion method are limited to several species because this type of
study just started in recent years. However, considering the
mechanism (Section 3.2), other ligand-protected metal NPs/
NCs** and photocatalysts**' seem to be also applicable to the
liquid-phase adsorption method.

(ii) To control a cocatalyst, it is very important to select
appropriate elements, refine the particle size, improve dis-
persibility, form an alloy, form a shell with controlled thickness

This journal is © The Royal Society of Chemistry 2020
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that suppresses the reverse reaction, expose a suitable crystal
face, and control the charge state.

(iii) The formation of a shell that suppresses the reverse
reaction is effective to enhance both the activity and stability of
the cocatalyst.

(iv) Although the above-mentioned approaches provide an
overall guidance to enhance cocatalyst activity, the most effec-
tive means to achieve high activation differs slightly depending
on the combination of photocatalyst and cocatalyst.

(v) In one-step photoexcitation systems for overall water
splitting, control of both HER and OER cocatalysts is effective
for enhancing the overall activity of water-splitting
photocatalysts.

(vi) For Z-scheme catalysts, reduction of the mediator may be
rate-determining. Thus, control of the cocatalyst that promotes
mediator reduction is an effective approach to increase the rate
of this reaction.

(vii) Using precisely controlled NC cocatalysts provides
a deeper understanding of geometrical structure and electronic
state of the cocatalyst, and thereby greater knowledge of the
main factors influencing photocatalyst activation.

These findings are expected to be useful for researchers in
the field of water-splitting photocatalysis, as well as those
interesting in the applications of controlled NPs/NCs.

7. Outlook

As mentioned above, it is necessary to improve the STH of
a water-splitting photocatalyst to 10% or more to enable its
practical use. Thus, the following studies are considered
important in the future.

(i) Close collaboration between photocatalyst chemists and
NP/NC chemists. To enhance the activity of water-splitting
photocatalysts, it is necessary to improve both the semi-
conductor photocatalyst and cocatalyst. Regarding semi-
conductor photocatalysts, photocatalysis researchers would
continue to make substantial improvements. On the other
hand, the recent studies revealed that the use of precise
synthesis and structure control techniques established in the
fields of colloid, NP, and NC chemistry is very effective at raising
cocatalyst activity. Therefore, researchers in the field of NPs/
NCs should also conduct thorough research on enhancing the
activity of cocatalysts. Effective approaches to maximize acti-
vation depend on the specific combination of photocatalyst and
cocatalyst. If NCs/NPs researchers continue to conduct cocata-
lyst research using commercial photocatalysts, the results
would not lead to the high activation of the most advanced
photocatalysts. To develop highly active water-splitting photo-
catalysts for practical use, researchers in both fields need to
collaborate more closely in future research.

(ii) Selective loading of cocatalysts on the optimal crystal
plane. The crystal planes of semiconductor photocatalysts show
different transport rates of photogenerated electrons and holes.
If HER and OER cocatalysts could be selectively loaded on
crystal planes with rapid electron and hole transport, electrons
and holes could be efficiently used in the relevant reactions. In
fact, research on photocatalysts in which a cocatalyst was
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loaded by photodeposition demonstrated that such selective
cocatalyst deposition is an effective approach to increase acti-
vation.**® In the case of photodeposition, the HER cocatalyst is
formed by reduction of metal ions and the OER cocatalyst is
formed by oxidation of metal ions. Therefore, each cocatalyst is
inevitably loaded on a crystal plane where electrons and holes
can easily reach the active sites. Even for colloidal NPs/NCs, if
such crystal plane-selective loading can be achieved, higher
activity should be obtained compared with that provided by the
present method. One of the methods seems to adsorb the
colloidal metal NPs/NCs on the photocatalyst after a particular
crystal-plane which is undesired site are selectively covered with
a surfactant.

(iii) Control of the geometrical structure of loaded NPs/NCs.
The geometrical structure of loaded NPs/NCs appears to show
some variation. In the case of NPs, the size distribution occurs
at the synthesis stage. In the case of NCs, there is no variation in
size (chemical composition) and geometrical structure at the
synthesis stage, but the NCs after loading sometimes seem to
have varied geometrical structure. To identify the geometrical
structures of NPs/NCs that lead to high activity and selectively
load NPs/NCs with such geometrical structures as cocatalysts, it
is necessary to establish a new method for controlling the
geometrical structure of the loaded NPs/NCs. For NPs/NCs
dispersed in solution, post-treatment methods for size**” and
structure convergence® have been reported. In the future, it is
expected that post-treatment to achieve size and structure
convergence will also be established for loaded NPs/NCs, which
would realize the loading of NPs/NCs with controlled geomet-
rical structure.

(iv) Elucidation of the calcination process. Protective organic
molecules on colloidal metal NPs/NCs are often removed by
calcination. However, the presence or absence of protective
organic molecules is generally determined only by X-ray
photoelectron spectroscopy and/or X-ray absorption fine struc-
ture measurements. In the case of NCs, although NCs are
synthesized while controlling the chemical composition at the
atomic/molecular level, ambiguity remains about the elimina-
tion of the protective ligands. For ultrafine NCs, the remaining
protective ligands should strongly affect the electronic/
geometrical structure of the NCs. To obtain reliable design
guidelines for improving the activity of cocatalysts, it is neces-
sary to determine whether or not the protective ligands remain
on the NCs at the atomic/molecular level. Thus, it is necessary to
gain a deep understanding of the calcination mechanism and to
further improve the structural analysis techniques for loaded
NCs. If the calcination mechanism can be clarified at the
molecular level, it will not be necessary to consider the protec-
tive ligands remaining after calcination and will also be
possible to conduct calcination at an appropriate temperature
to suppress cocatalyst aggregation on the photocatalyst. This
understanding is also necessary for better control of the
geometrical structure of loaded NCs.

(v) Utilization of various metal NPs/NCs. In recent years, it
has become possible to synthesize various monodisperse NPs/
NCs with controlled size and structure. Inorganic chemists
can now synthesize metal NCs as precisely as organic chemists
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synthesize organic molecules, and the types of synthesized NCs
are steadily increasing. However, the types of NPs/NCs used in
the study of water-splitting photocatalysts are limited. In the
future, more of the existing NPs/NCs should be used in water-
splitting photocatalysis research. This would expand knowl-
edge of the major factors affecting cocatalyst activity and
increase the possibility of producing photocatalysts with high
water-splitting activity.

(vi) Theoretical calculations of real systems. For under-
standing the main factors influencing the activity, theoretical
research using the actual geometrical structures is required. At
present, deep understanding of the chemical composition and
geometrical structure of loaded NPs/NCs and their loading sites
on photocatalysts have not been obtained experimentally. In the
future, it is expected that the structural analysis techniques for
loaded NCs will be improved and thereby enable theoretical
calculations to be carried out using actual geometrical struc-
tures obtained by such experiments. If such a progress would be
achieved, it became possible to predict appropriate photo-
catalyst systems by DFT calculations.

We hope that by overcoming these current limitations of
water-splitting photocatalysts, a society able to solve energy and
environmental problems will emerge as soon as possible.
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