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With global warming and the depletion of fossil resources, our fossil-fuel-dependent society is expected
to shift to one that instead uses hydrogen (H,) as clean and renewable energy. Water-splitting
photocatalysts can produce H, from water using sunlight, which are almost infinite on the earth.
However, further improvements are indispensable to enable their practical application. To improve the
efficiency of the photocatalytic water-splitting reaction, in addition to improving the semiconductor
photocatalyst, it is extremely effective to improve the cocatalysts (loaded metal nanoclusters, NCs) that
enable the reaction to proceed on the photocatalysts. We have thus attempted to strictly control metal
NCs on photocatalysts by introducing the precise-control techniques of metal NCs established in the
metal NC field into research on water-splitting photocatalysts. Specifically, the cocatalysts on the
photocatalysts were controlled by adsorbing atomically precise metal NCs on the photocatalysts and

Received 12th October 2020, then removing the protective ligands by calcination. This work has led to several findings on the
Accepted 30th November 2020 electronic/geometrical structures of the loaded metal NCs, the correlation between the types of loaded
DOI: 10.1039/d0cc06809h metal NCs and the water-splitting activity, and the methods for producing high water-splitting activity.
We expect that the obtained knowledge will lead to clear design guidelines for the creation of practical
rsc.li/chemcomm water-splitting photocatalysts and thereby contribute to the construction of a hydrogen-energy society.
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1. Introduction

1.1. Background

In the 21st century, humankind is facing unprecedented ser-
ious energy and environmental issues such as the depletion of
fossil resources and the destruction of the environment on a
global scale." Thus, it is expected to address these problems to
create a sustainable society as soon as possible. The energy
conversion system shown in Fig. 1 is one of the ultimate
systems for constructing such a society.” In this system, hydro-
gen (H,) is produced by a photocatalyst® and/or an electrolysis
cell,* " and the obtained H, is converted into electric power by
a fuel cell.’** With such a system, it is possible to obtain
energy from water and sunlight, which are almost infinite on
the earth. In addition, when this system is used, the energy
medium (H,) can be circulated, preventing the problem of
energy depletion. Furthermore, carbon dioxide (CO,), which
leads to global warming, is not generated in this system. For
constructing this system, modern chemistry is expected to
improve the functionality of the photocatalysts, electrolysis
cells, and fuel cells.
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1.2. Water-splitting photocatalysts

For H, production, photocatalytic reactions (Fig. 1) can produce
H, directly from water and sunlight.>>"*” Therefore, the photo-
catalytic water-splitting reaction is considered to be one of the
cleanest energy-production reactions for humankind. Among
the materials that enable such a reaction to proceed, powder
semiconductor photocatalysts have the advantages of a simple
system and the ease of increasing the surface area. Because of
these advantages, if a large-scale H,-production plant using a
powder semiconductor photocatalyst is constructed in a desert
or uninhabited island where sunlight is abundant, a large
amount of H, is expected to be generated.*® However, currently,
the solar-to-hydrogen (STH) conversion efficiency is only
1.1%.%° To enable practical use of a water-splitting photocata-
lyst, it is indispensable to improve the STH conversion effi-
ciency to approximately 5-10%.>*

When a semiconductor photocatalyst is used, H, and oxygen
(0,) are produced from water via the following three pro-
cesses:”® (i) excitation of electrons from the valence band (VB)
to the conduction band (CB) of the photocatalyst by light
irradiation, (ii) charge transfer of excited electrons and holes
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Fig. 1 Schematic of the energy conversion system expected for constructing a sustainable society. Note that sunlight also produces wind, biomass, and

hydro power in addition to solar power.

to the surface of the photocatalyst, and (iii) reduction and
oxidation of water by excited electrons and holes, respectively
(Fig. 2A). Theoretically, when the bottom edge of the CB of the
semiconductor photocatalyst is on the negative side of the

A (i) Photoexcitation
(iii) Surface reactions
cocatalyst
H
Py 2
&
4 <HER
H,0
0,
OER
H,0 (i) Charge separation
photocatalyst
B
Conduction band (CB)
s
5 \
>T H*H,: 0V
5% 4
su Band gap
5z <«
&y
2 J Oy/H0: +1.23V
h+
Valence band (VB)
Fig. 2 (A) Schematic of photocatalytic reactions: (i) photoexcitation,

(ii) charge separation, and (iii) surface reactions. (B) Relationship between
the semiconductor band structure and redox potentials of water splitting.

This journal is © The Royal Society of Chemistry 2021

reduction potential of water (0 V vs. normal hydrogen electrode
(NHE)), the reduction reaction of water proceeds (Fig. 2B) and
H, is produced (hydrogen evolution reaction, HER; Fig. 24A). If
the top edge of the VB of the semiconductor photocatalyst is on
the positive side of the oxidation potential of water (1.23 V vs.
NHE), the oxidation reaction of water proceeds (Fig. 2B) and O,
is generated (oxygen evolution reaction, OER; Fig. 2A). How-
ever, even a semiconductor photocatalyst that satisfies these
conditions cannot necessarily achieve complete water splitting
because of the high activation energy in each reaction. There-
fore, to decrease the activation energy of the reaction, metal
and/or metal oxide nanoparticles (NPs) made of precious
metals are generally loaded on the photocatalyst as active sites
(cocatalyst; Fig. 2A).>*” This loading of cocatalysts also promotes
the separation of electrons and holes in the photocatalyst, thereby
suppressing the deactivation of the reaction based on the recom-
bination of electrons and holes. Thus, to enhance the efficiency of
the water-splitting reaction, it is extremely effective to improve
the cocatalyst in addition to improving the semiconductor
photocatalysts.*®

1.3. Control of cocatalysts

Chemical reactions occurring on the surface of the cocatalyst
involve the adsorption and reaction of reactants and desorption of
products. Therefore, the efficiency of the chemical reaction is
greatly affected by the adsorption/desorption energy of the reac-
tants/products on the surface of the cocatalyst. Previous studies
have revealed that the chemical reaction on the surface of the
cocatalyst tends to proceed easily when the Gibbs energy in the
process of adsorption/desorption of the reactants/products is

Chem. Commun., 2021, 57, 417-440 | 419
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Fig. 3 Comparison of the (A) impregnation, (B) photodeposition, and
(C) metal NC adsorption—calcination methods.

moderate. For this reason, metal/metal oxide NPs of group 8-11
elements with sizes of several to several tens of nanometers are
generally used as cocatalysts.>

In many cases, the cocatalysts are loaded using the impregna-
tion (Fig. 3A)*> or photodeposition method (Fig. 3B).*° These
methods enable the cocatalyst to be loaded on the photocatalyst
using a very simple procedure. When the photodeposition
method is used, it is also possible to preferentially load the
cocatalyst on the specific crystal planes of the photocatalysts
suitable for the reaction.”’ Through studies using these loading
methods, it has been clarified that miniaturization of cocatalysts*>
and control of the electronic structure by alloying™ are extre-
mely effective in creating highly functional water-splitting
photocatalysts.

However, the electronic structure of fine metal/metal oxide
nanoclusters (NCs) varies greatly depending on the number of
constituent atoms and chemical compositions.**"®> Therefore,
if the chemical composition of the fine cocatalysts can be
controlled with atomic precision, it is possible to create highly
active photocatalysts with the selective loading of a highly
active cocatalyst on the surface. In addition, for metal NCs
loaded with atomic precision, it is possible to obtain a deep
understanding of the electronic/geometrical structures of the
cocatalysts and the interaction between the photocatalyst surface
and cocatalysts through various high-resolution measurements
and theoretical calculations.®®”” Therefore, the strict control of
the cocatalyst is expected to provide deep understanding of the
key factors toward high activation. If we would design and create
appropriate metal NCs based on the attained information, great
enhancement of the water-splitting activities of the photocatalysts
could be achieved.”® Metal NCs can be synthesized with atomic
precision using thiolates (SR),>"7°™'** selenolates (SeR),"">***
phosphines (PR;), alkynes (C=CR),"**"** carbon monoxide (CO),
dendrimers,"* etc. as protective ligands."**™** Furthermore, pre-
vious studies have demonstrated that size-controlled metal NCs
can be loaded on a support by adsorbing such precise metal NCs

420 | Chem. Commun., 2021, 57, 417-440
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on the support and then removing the protective ligands by
calcination (Fig. 3(;).144—146

1.4. Contents of this review

We aim to improve the functionality of water-splitting photo-
catalysts to a practical level (Fig. 4) and thereby contribute to
the construction of a hydrogen-energy society.” To achieve this,
we have attempted to strictly control metal NCs on photocata-
lysts and thereby clarify the details of the effect of controlling
the cocatalyst on the water-splitting activity by introducing the
precise-control techniques of metal NCs established in the
metal NC field into research on water-splitting photo-
catalysts.'*”'*® This feature article summarizes our previous
findings.

In Section 2, we first describe the synthesis method and
geometrical structure of metal NCs controlled with atomic
precision that are used as precursors of cocatalysts. Then, in
Section 3, we describe our research on the functionalization of
water-splitting photocatalysts using the metal NCs as precur-
sors of cocatalysts. Specifically, the precise loading of the metal
NCs on a photocatalyst (Section 3.1), the electronic/geometrical
structure of the loaded metal NCs (Section 3.2), the correlation
between the types of loaded metal NCs and the water-splitting
activity (Section 3.3), and the functionalization of photocata-
lysts (Section 3.4) are described. After a brief summary in
Section 4, the future outlook is described in Section 5.

metal NC chemistry photocatalytic chemistry

size cocatalyst H,

isomer control
control J
._l charge

control

ligand c E heteroatom

control control

Fig. 4 Schematic of the aims of our study.
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2. Ligand-protected atomically precise
metal NCs

Since the 1970s, there have been many reports on the precise
synthesis of metal NCs using PR;, CO, and halogens as
ligands."**'** [Auy,(PPh;),15]" (Au = gold; PPh; = triphenylphos-
phine; I = iodine),"* Auss(PPh;);,Cl (Schmid’s Auss cluster;
Cl = chlorine)," and [Pt;;(CO)s,]*~ (Chini cluster; Pt =
platinum)*>""** are representative examples of these metal
NCs. However, since 2000, research on metal NCs protected
by SR, SeR, and/or C=CR, which are relatively easily synthe-
sized and can be handled in the atmosphere, has been actively
conducted. Herein, we only provide an outline of these metal
NCs because several groups including us have already pub-
lished many reviews on these metal NCs.”>93941337161

2.1. Synthesis methods

Fig. 5 presents a typical method for precisely synthesizing
SR-protected metal NCs.”*'*® In the method shown in
Fig. 5A, metal NCs are prepared by reducing a metal salt or a
metal-SR complex with a reducing agent.'®> The metal NCs
obtained by this method normally have a distribution in their
chemical compositions. Therefore, each metal NC with atomic
precision can be obtained by the separation of the mixture
using fractionation techniques such as polyacrylamide gel
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© . . .
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Fig. 5 Typical methods for the precise synthesis of metal clusters:
(A) fractionation, (B) size focusing, (C) slow reduction, (D) transforma-
tion/reconstruction, (E) metal exchange, and (F) deposition of metal
atoms/ions.
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electrophoresis (PAGE),”*'**™'*® high-performance liquid chroma-
tography (HPLC),”>***'*82  and thin-layer chromatography
(TLC)."®*%> As opposed to separating them, when the mixture is
exposed to severe conditions, less stable species transform
into stable species, thereby allowing stable metal NCs to be
size-selectively synthesized (size focusing; Fig. 5B).">*'%¢7'%% In
the method shown in Fig. 5C, metal NCs are grown with
relatively uniform size by selecting appropriate experimental
conditions for slowly reducing the metal ions and aggregating
the obtained metal atoms (slow reduction)."®*"%* In the
method shown in Fig. 5D, metal NCs with a certain chemical
composition are first selectively synthesized, and then the
ligands are replaced with ligands with a significantly different
structure. This reaction finally results in the selective formation
of metal NCs with different chemical compositions
(transformation).'®® When using another type of metal salts,
metal-SR complexes, or metal NCs as a reactant, it is also
possible to selectively synthesize alloy NCs composed of several
elements (reconstruction)."®*'®® In the method shown in
Fig. 5E, after selectively synthesizing metal NCs with a certain
chemical composition, the metal NCs are reacted with metal
salts,"*® metal-SR complexes,’®” metal NCs,"”® or a metal
plate ™" including other types of metal to replace some metal
atoms with other metal elements (metal exchange). Under
particular reaction conditions, such metal exchange does not
occur, and another type of metal atoms or metal ions are
deposited on the surface of the metal NCs (deposition of metal
atoms/ions; Fig. 5F)."*%2°%2%1 In these synthetic methods, the
method shown in Fig. 5A is superior for systematically isolat-
ing a series of metal NCs, and the method shown in Fig. 5B-F
is superior for size-selectively synthesizing a specific metal
NC. In addition to these methods, there have been several
reports on the synthesis of new metal NCs using a combi-
nation of several of the methods shown in Fig. 5.2

199

2.2. Geometrical structures

When research on SR-protected metal NCs began, they were
thought to have a geometrical structure where the metal core
is covered by SR.>** However, the density functional theory
(DFT) calculations on [Auzg(SCH;),4]° by Hikkinen et al in
2006>** suggested that SR-protected metal NCs have a geome-
trical structure where the metal core is covered by Au-SR
oligomers (now called staples). In the next year, this “divide
and protect” structure was experimentally verified by Korn-
berg et al. through single-crystal X-ray diffraction (SC-XRD)
analysis of [Au;o,(p-MBA).4]° (p-MBA = p-mercaptobenzoic
acid) (Fig. 6A)."*"?% Since then, the geometrical structures
of many SR-protected metal NCs have been determined by
SC-XRD,'***** and almost all of the SR-protected metal NCs
have been observed to have such ‘“divide and protect” struc-
tures (Fig. 6B-D). Several research groups, including those of
Zhu, Wang, Jiang, Tsukuda, and Pei et al., have shown that
SeR-protected metal NCs (Fig. 6E)*°®*°” and C= CR-protected
metal NCs (Fig. 6F)'**2%%2% 3]s0 have such “divide and
protect” framework structures.

Chem. Commun., 2021, 57, 417-440 | 421
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[Auy4(SeCgHs)l” [Augs(C=CATr) 5]

Fig. 6 Geometric structures of (A) [Auloz(p—MBA)44]c’,]Jl (B) [Aups(PET)1gl ™ (PET =

phenylethanethiolate),™® (C) [Agos(24-SPhMeo)igl™ (2,4-SPhMe, = 2/4-
dimethylbenzenethiolate), ™ (D) [Au;pAgza(SPhFL)s0l*~ (SPhF, = 34-difluo-
rothiophenol),™ (E) [Au4(SeCeHs)20l° (SeCeHs = benzeneselenolate),**° and

(F) [Aups5(C=CAn)3gl~ (C=CAr = 3,5-bis(trifluoromethylphenylethynyl).’** The
gray points represent carbon atoms. Hydrogen atoms are not shown.
Au,s(SG)1g, Which was used in our study, has been considered to have a similar
framework structure to [Au,s(PET)ig] ™ (B), although its geometric structure has
not been determined by SC-XRD to date. Reproduced with permission from
ref. 111, 112, 113, 114, 206 and 124. Copyright 2007 American Association for the
Advancement of Science, Copyright 2008 American Chemical Society,
Copyright 2015 American Chemical Society, Copyright 2013 Springer Nature
Communications, Copyright 2014 American Chemical Society, and Copyright
2019 Wiley-VCH, respectively.
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3. Activation of water-splitting
photocatalysts using atomically precise
metal NCs

We aim to functionalize water-splitting photocatalysts that can
be used as practical materials. Therefore, we used some of the
most advanced photocatalysts. Fig. 7 shows the band structures
of several advanced photocatalysts.?®*%*1%?11 Among them,
BaLa,Ti,Oys (Fig. 8A)*'° or SrTiO; (Fig. 8B)*'*?" were used in
our research. BaLa,Ti,Oy5 is a photocatalyst>*® developed by
Kudo et al. in 2009 and has a perovskite structure (Fig. 8A)
(band gap = 3.8 eV). Because this photocatalyst is not commer-
cially available, BaLa,Ti,O,5 was synthesized in our laboratory
using a previously reported procedure. SrTiO; also has a
perovskite structure with a band gap of 3.2 eV (Fig. 8B). The
band gap of this photocatalyst can be tuned by doping with
different elements (rhodium (Rh), lanthanum (La), etc.) and the
obtained SrTiO; doped with different elements (SrTiOs:Rh,
SrTiOs:La, Rh, etc.) has been used as a photocatalyst for H,
evolution in Z-scheme systems.”®*">'*'" Because SrTiO; is
already on the market, we used a commercial product for this
photocatalyst.

3.1. Loading of atomically precise metal NCs on
photocatalysts

When a metal oxide is added to water, hydroxyl groups (-OH)
are normally formed on the surface. Hydrophilic metal NCs
with proton functional groups are easily adsorbed on such
surfaces.'*®*187222 Therefore, we first worked on loading metal
NCs on BaLa,Ti O;5 using hydrophilic metal NCs as precursors.

3.1.1. Use of hydrophilic Au NCs as a precursor

Loading of Au,s. In our first effort, we used glutathionate
(SG)-protected Au,s NCs (Au,s5(SG),g; Fig. 6B) as a precursor,
which are stable in solution and can be size-selectively
synthesized.”'?***** In this experiment, Au,s(SG);s was first
adsorbed on Bala,Ti,O;5 by stirring them in water (Au,s(SG)is/
BaLa;Ti,0;5).>* In the optical absorption spectrum of the aqueous
solution after adsorption, optical absorption was hardly observed,
indicating that almost all of the Au,s5(SG);s was adsorbed on
BaLa,Ti,O;s. Glutathionate has two carboxyl groups and one amino

Visible light-driven photocatalyst

Tio,
(Rutile)

redox potential of the hydrogen- and oxygen-evolution

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (A) (a) Geometric structure of BalasTisO1s and (b) scanning
electron microscope (SEM) image of the prepared Bala,TizO15.2”° (B) (a)
Geometric structure of SrTiOz and (b) SEM image of the prepared
SrTiO3.2% Reproduced with permission from ref. 247 and 270. Copyright
2018 American Chemical Society, Copyright 2020 Wiley-VCH.

group.”®® It can be considered that Au,s(SG);s was efficiently
adsorbed on the photocatalyst because the polar functional groups
of Au,;(SG);g formed hydrogen bonds with the -OH groups on the
surface of BaLa,Ti O;5.

Then, the obtained Au,5(SG);s/BaLla,Ti O;5 was calcined in
an electric furnace. Thermogravimetric analysis (TGA) of
Au,5(SG),s/Bala,Ti 015 showed that most of the SG can be
removed at 300 °C.”*® Thus, Au,s;(SG);s/BaLa,Ti,O5 was cal-
cined at 300 °C for 2 h under reduced pressure. Fig. 9A-D
present the transmission electron microscope (TEM) images,
S 2p and Au 4f spectra obtained by X-ray photoelectron spectro-
scopy (XPS), and optical adsorption/diffuse reflectance spec-
trum of the photocatalysts before and after calcination
(Au,5(SG),4/BaLla,Ti;045 and Au,s/Bala,Ti O;5), respectively,
for the photocatalysts containing Au with a weight ratio of
0.1 wt% (0.1 wt% Au). In the TEM image of the sample after
calcination (Fig. 9A(c)), only particles with sizes similar to those
before calcination were observed, indicating that calcination
did not cause the aggregation of NCs. In the S 2p spectrum
(Fig. 9B(b)), a peak was hardly observed, indicating that most of
the ligands were removed by calcination. In the Au 4f spectrum
of the sample after calcination, the peak positions (83.7 and
87.7 eV; Fig. 9C(b)) were different from those of the sample
before calcination (84.7 and 88.5 eV; Fig. 9C(a)) and were
located at an energy near those expected for Au(0) (84.0 and
87.7 eV). For Au,5(SG);s, the Au 4f peaks appear on the oxida-
tion side (high-energy side) compared with Au(0) because of the
partial charge transfer from Au to S.>>®> The shift of the Au 4f
peaks after calcination strongly indicates that the ligands were
removed by calcination and therefore that Au in the metallic
state was loaded on BalLa,Ti,O;5. In the diffuse reflectance
spectrum of the photocatalyst after calcination (Fig. 9D(c)),
the peaks in the visible region, which are characteristic of

This journal is © The Royal Society of Chemistry 2021
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Fig.9 (A) TEM images and size distributions of (a) Auzs(SGis,
(b) AU25(SG)18/BaLa4Ti4ol5, and (c) Au25/BaLa4Ti4015 (0.1 wt% Au). (B)
S 2p XPS spectra and (C) Au 4f XPS spectra of (a) Au,5(SG)1g/BalasTizO1s
and (b) Auzs/BalasTizOqs. (D) (a) Optical absorption spectra of Au,s(SG)ig
aqueous solution and the diffuse reflectance spectrum of (b) Au,s(SG)1g/
BalasTisO15 and (c) Au,s/BalasTisO1s. Reproduced with permission from
ref. 225. Copyright 2013 Royal Society of Chemistry.

Au,;5(SG)1s, were not observed. In the optical absorption spec-
trum of Au,5(SR);5 (Fig. 9D(a)), the peaks in the region of 600-
800 nm are attributed to the absorption originating in the
central Au;; core of Au,s(SR)is (Fig. 6B)."">**”>*° It can be
interpreted that these peaks disappeared because the ligands
were removed by calcination, thereby resulting in a drastic
change of the structure of the NCs. The slight increase in the
particle size of the photocatalysts after calcination (Fig. 9A) can
also be explained by this structural change. These results
confirmed that the ligands were removed from Au,s(SG)ig/
BaLa,Ti O;5 by calcination while maintaining the particle size
of the Au,s NC (Au,s/BaLa,TisO45).>*° In our later research, it
became clear that the precise loading of Au,s using Au,5(SG)qs
as a precursor can also be performed in the same way when
SITiOj; is used as a photocatalyst.>*

Effect of the types of precursor NCs. We also attempted to load
Au,, NCs (n represents the number of Au atoms) composed of
other numbers of constituent atoms on BaLa,Ti,O;5. In this
experiment, Au,(SG),, NCs (n =10, 15, 18, 22, 25, 29, 33, or 39; m
represents the number of ligands’®) were used as a precursor.
First, an aqueous solution containing Au,(SG),, NCs (0.1 wt%
Au) and BaLa,Ti,O;5 was stirred at room temperature for 1 h.
Then, the adsorption efficiency of the Au,(SG),, NCs was
estimated by evaluating the amount of Au contained in the
supernatant solution after stirring using inductively coupled
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plasma-mass spectrometry. The results indicated that the
Au,(SG),, NCs adsorbed on the photocatalyst with adsorption
efficiencies of 98.8% (n = 10), 97.8% (n = 15), 96.6% (n = 18),
99.1% (n = 22), 99.2% (n = 25), 97.9% (n = 29), 96.7% (n = 33),
and 99.4% (n = 39), respectively.>®> These results indicate that
Au,(SG),, NCs with 0.1 wt% Au can be adsorbed on BaLa,Ti,O;5
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at high adsorption efficiencies regardless of the chemical
compositions. However, these results also imply that Au,(SG),,
NCs cannot necessarily be adsorbed on BaLa,Ti,O;5 with an
adsorption efficiency of 100%. The adsorption efficiencies did
not exceed the above values even when the stirring time was
extended to 2 h. Thus, the results indicate that a chemical
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Fig. 10 TEM images and size distributions of the different (A) Au,(SG),, NCs, (B) Au,(SG)/BaLasTizO1s, and (C) Au,/BalasTizO1s (0.1 wt% Au). The Au,
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American Chemical Society.
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equilibrium was achieved between the aqueous solution of the
Au,(SG),, NCs and Au,5(SG),g/BaLa,Ti,O;5 at the above adsorp-
tion efficiencies. These results warn that the actual amount of
Au,(SG),, NCs adsorbed on BaLa,Ti,O;5 cannot be accurately
estimated solely from the mixing ratio of Au,(SG),, NCs and
BaLa,Ti Oqs.

Fig. 10A-C present TEM images and the size distributions of
the Au,,(SG),, NCs, Au,,(SG),,/BaLa,Ti,O;5, and Au,/BaLa,Ti,O;s,
respectively. For all the Au,(SG),, NCs, the average particle sizes
and particle-size distributions were relatively similar for the
AU,(SG),, NCs and Au,(SG),,/BaLa,Ti,O;5 (Fig. 10A and B).>*?
This finding indicates that no significant change in the particle
size (especially the increase of the particle size) of the Au,(SG),,
NCs occurs between before and after adsorption. In contrast,
different behaviors were observed for Au,/BaLa,Ti,O;5 depend-
ing on the type of Au,(SG),, NCs. According to Fig. 10, the NCs
can be broadly classified into the following two groups based
on their similar phenomena: (1) n = 10, 15, 18, 25, and 39 and
(2) n = 22, 29, and 33. The Au, NCs in group 1 maintained a
narrow distribution of their particle sizes even after calcination,
although the average particle size slightly increased during
calcination (Fig. 10B and C). In contrast, for the Au, NCs in
group 2, the average particle size significantly increased during
calcination. These two groups are in good agreement with the
classification of the stability of Au,(SG),, NCs against dissocia-
tion in aqueous solution: the Au,(SG),, NCs in group 2 dis-
sociate in aqueous solution (release of SG or an Au-SR complex)
more quickly than those in group 1.”° From these results, it can
be considered that the stability of Au,(SG),, NCs against dis-
sociation is greatly related to the increase in the particle size of
the Au,, NCs in group 2. Most likely, part of the Au,(SG),, NCs
was dissociated during the stirring process, and the Au-SG
complex produced by such dissociation was adsorbed on
BaLa,Ti 045 together with the Au,(SG),, NCs. It is presumed
that the observed phenomenon occurred because such an
Au-SG complex promoted the aggregation of Au, NCs on
BaLa,Ti,O;5 during calcination. These results demonstrate that
using Au,, NCs with high stability in solution as a precursor is
essential to precisely load the Au,, NCs on BaLa,Ti,O;5 (Fig. 11).

Effect of loading amounts. We also investigated the effect of
the amount of adsorbed NCs on the particle size of the loaded

Stable Clusters (2 =10, 15, 18, 25, or 39)
<
Qfe ‘:}( "\ 0

c_:/ > ® ¢ v

adsorption (, calcination
od,
S5
5

Au,(SG),

‘ (
g \”'f

&é\

Fig. 11 Schematic of the aggregation of Au,(SG),, on the photocatalyst
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Fig. 12 Size distributions of Au NPs estimated from TEM images of Auys/
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(J) 1.5 wt%, and (K) 2.0 wt% Au. Reproduced with permission from ref. 225.
Copyright 2013 Royal Society of Chemistry.

NCs using Au,5(SG);s as a precursor. Fig. 12 lists the particle
size distributions of the loaded particles, which were esti-
mated from TEM images of photocatalysts containing each
amount of Au,s5(SG);s. When the amount of adsorption of
Au,5(SG),s was higher than 0.2 wt% Au, the particle size of the
loaded Au NCs increased during calcination.”*® Under these
conditions, Au,5(SG);s should be adsorbed on BaLa,Ti 0,5 at
a narrow distance. This appears to induce the aggregation of
Au,5(SG)ys in the calcination process, leading to the increase
of the particle sizes. These results indicate that the loaded
amount must be less than 0.2 wt% Au to load Au,s; NCs on the
photocatalyst while maintaining the particle size of the
precursor NCs. The maximum water-splitting activity of the
resulting photocatalysts was observed when the amount of
loaded Au was 0.1 wt%, and the water-splitting activity
decreased when it was greater than 0.2 wt% Au.”*®> The
following two factors are considered to be involved in this
phenomenon: (1) a decrease in the proportion of surface Au
atoms in the cocatalyst with an increase in particle size and (2)
a decrease in the amount of light absorption of the photo-
catalyst with an increase in the amount of cocatalyst. Based
on these results, the amount of loaded cocatalyst was fixed to
0.1 wt% Au in the subsequent studies using Au,, NCs and their
related alloy NCs as cocatalysts.

3.1.2. Use of hydrophobic Au NCs as a precursor. As
described above, when hydrophilic Au, NCs are used as
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the precursor, the Au, NCs can be easily loaded on the
photocatalyst. However, hydrophobic metal NCs easily form
crystals; thus, it is possible to determine their geometric
structure using SC-XRD.'***** Thus, most of the metal NCs
synthesized to date have been hydrophobic metal NCs.
Therefore, we also attempted to establish a method for
loading hydrophobic metal NCs on the photocatalyst at high
efficiency.>®* Specifically, we replaced part of the hydropho-
bic ligands with hydrophilic ligands (ligand exchange;
Fig. 13A).

In this experiment, phenylethanethiolate (PET), which has
often been used as a hydrophobic ligand, was used as the
ligand. First, Au,5(PET);5 (Fig. 13B(a)),""> Au,,Pd(PET);5 (Pd =
palladium; Fig. 13B(b)),’® and Au,,Pt(PET),; (Fig. 13B(c))’® were
synthesized with atomic precision. Then, some of the PET was
replaced with hydrophilic p-MBA''! by a ligand-exchange reac-
tion. The matrix-assisted laser desorption/ionization (MALDI)
mass spectra obtained for the sample after ligand exchange
only contained peaks attributable to Au,s(PET)s_,(p-MBA),
(y = 7-14; Fig. 14A), Au,,Pd(PET);5 ,(p-MBA), (y = 1-9;
Fig. 14B), and Au,,Pt(PET),s ,(p-MBA), (y = 3-10; Fig. 14C).
No intrinsic changes were observed in the diffuse reflectance
spectra of the NCs or the TEM images before and after ligand
exchange. These results indicate that some of the ligands were
replaced in each NC without any change in the framework
structure of the NC. Each NC was adsorbed on BaLa,Ti,O;5 at a
high adsorption efficiency of >96% after the ligand exchange
(Fig. 14D-F). In the Au L;-edge Fourier-transform extended
X-ray absorption fine structure (FT-EXAFS) spectra of the photo-
catalysts after calcination, almost no peaks attributed to the
Au-S bond (~1.8 A) were observed (Fig. 14G). The coordination
numbers of Au (7.1-7.7) of each of the loaded NCs estimated

A
AuyM(PET),g precise loading

(M =Au, Pd, or Pt) Au24M/‘

‘ +p-MBA +300°c Bala;Ti,O5
A\ 0 a—.

AASH AT e &
O Y
ligand exchange calcination

B (@)

[Aus(PET)g]

[Au4Pd(PET);g]° [AusPt(PET);g]°

Fig. 13 (A) Schematic of the preparation procedure for AupsM/
Bala4TizO15 (M = Au, Pd, or Pt) using hydrophobic metal NCs as a
precursor.?*3 (B) Geometric structures of (a) [Auas(PET)1gl™,**? (b) [Auos-
Pd(PET)161%%° and (c) [Aua4Pt(PET)151%.%° These metal NCs have been
revealed to have a geometric structure where the Au;,M metal core
(M = Au, Pd, or Pt) is surrounded by six —PET—[Au—PET-], staples.’®*?
In [Au24Pd(PET)16]° and [Au,4Pt(PET)16]°, both Pd and Pt are located at the
central position of the Au;,M metal core. Reproduced from ref. 233, 112
and 96. Copyright 2019 American Chemical Society, Copyright 2016 Royal
Society of Chemistry, and Copyright 2008 American Chemical Society,
respectively.
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from the Au L;-edge FT-EXAFS spectra were between those
expected for cuboctahedral-structured Au,; (5.5) and Auss
(7.9). In the TEM images of the photocatalysts after calcination,
particles with sizes similar to those before calcination were
observed. These results confirmed that the ligands were
removed from  Au,s5(PET);53_y(p-MBA)),,  Au,,Pd(PET)5_,
(p-MBA),, and Au,,Pt(PET);5_,(p-MBA), by calcination and,
therefore, bare Au,s, Au,,Pd, and Au,,Pt were loaded on
BaLa,Ti, 0,5 without any aggregation.**®

3.2. Electronic and geometric structures of loaded metal NCs

3.2.1. Electronic structures. Au,, NCs (n =10, 15, 18, 25, and
39), Au,,Pd, or Au,,Pt loaded-BaLa,Ti,O¢5 (Au,/BaLa,Ti,O;s,
Au,,Pd/Bala,Ti,O;5, and Au,,Pt/BaLa,Ti,O,5) exhibited optical
absorption different from those with ligands. This finding
indicates that the electronic structures of the loaded metal
NCs differed from those of the precursor metal NCs. As later
described in Section 3.2.2, the calcination process signifi-
cantly changed the geometric structure of the metal NCs. The
change of the electronic structure of the metal NCs is
considered to be mainly caused by the change in the frame-
work structure. The Au L;-edge X-ray absorption near-edge
structure (XANES) spectra (Fig. 15) showed that the electron
density of the Au 5d orbitals in Au,s/BaLa,Ti O45 is higher
than that of Au foil. This result indicates that Au is reduced
in Au,s/BaLa,TisOqs, suggesting that partial charge transfer
occurs from BaLa,Ti O,5 to Au,s in Au,s/BaLa,Ti,O;5. Au L;-
edge XANES analysis revealed that substituting Au in Au,s/
BaLa,Ti,O,5 with Pd or Pt further increases the electron
density of Au (Fig. 15). This result implies that partial charge
transfer occurs from Pd (electronegativity = 2.20) to Au
(electronegativity = 2.54) and Pt (electronegativity = 2.28) to
Au in Au,,Pd and Au,,Pt, respectively, due to the difference
in the electronegativity of the two elements.

3.2.2. Geometric structures. For Au,s/BaLa,Ti,O;5, Au,,Pd/
BaLa,Ti,O;5, and Au,,Pt/BaLa,TisO;5, the geometric structure
of the loaded clusters was also investigated (Fig. 16).%**

Framework structure of Au,,M (M = Au, Pd, or Pt). Experiments
and DFT calculations by other groups have shown that fine
isolated Au, clusters tend to have a planar geometry.****° In
addition, DFT calculations on Au;o/metal oxide predicted that
Au,, is most stable on metal oxides when they have a two-
dimensional structure.”*® Based on these results, Au,s is pre-
sumed to have a relatively planar geometry on BaLa,Ti O;5
(Fig. 16A). Indeed, the coordination number of Au estimated
from the Au L;-edge FT-EXAFS and the particle size observed in
TEM and high-resolution (HR)-TEM images of Au,s/BaLa,
Ti,O45 strongly support this interpretation.>*?

On the other hand, Au L;-edge FT-EXAFS, TEM, and HR-TEM
measurements suggest that alloy NCs (especially Au,,Pt NCs)
have a more three-dimensional structure than Au,5 NCs.*** For
bare Au,, NCs produced in the gas phase, it has been shown that
doping with Pd or Pt induces the formation of a three-
dimensional structure in a smaller size region than for pure
Au,,.**?*2 Au,,Pd and Au,,Pt can be considered to have a more

This journal is © The Royal Society of Chemistry 2021
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Fig. 15 Au Lz-edge XANES spectra of Auz4M/BalasTisO15 (M = Au, Pd, and
Pt) together with that of Au foil. Reproduced with permission from ref. 233.
Copyright 2019 American Chemical Society.

steric structure than Au,s; because a similar heteroatom sub-
stitution effect is induced in Au,,Pd/BaLa,Ti,O,5 and Au,,Pt/
BaLa,Ti,O;5 (Fig. 16B and C).

Substitution position of heteroatoms in Au,,M/BaLa,Ti,O;5
(M = Pd or Pt). For Au,,Pd/Bala,Ti,Oys, the EXAFS results

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Proposed structures of Aup4M/BalasTi4O15 for M = (A) Au, (B) Pd,
and (C) Pt. Reproduced with permission from ref. 233. Copyright 2019
American Chemical Society.

Au,,Pd/Bala,TisO15 Au,Pt/Bala,TiO1s

indicate that Pd is located on the surface of the loaded metal
NCs and is bound to S (Fig. 16B).>** In the precursor Au,4Pd(SR);s,
Pd was located at the center of the metal core and was not bound
to S (Fig. 13B(b)). Therefore, it is inferred that this geometric
structure was formed because Pd moved to the surface of the
particles during calcination and combined with S that was
separated from Au. On the other hand, Pt was found to be located
at the interface between Au,,Pt and BaLa,Ti,O;5 and bound to
several O in BaLa,Ti,Oy5 (Fig. 16C).>**

Pt forms a stronger bond with O than Au (318.4 + 6.7 k] mol "
for Pt-O vs. 223 + 21.1 k] mol* for Au-O)*** and can bind with
multiple O, thereby causing Pt to be located at the interface
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between Au,,Pt NCs and BaLa,Ti,O;; (Fig. 16C). On the other hand,
Pd forms a weaker bond with O than Au (145 & 11.1 k] mol ™' for
Pd-O vs. 223 + 21.1 kJ mol " for Au-0).>** Thus, it is thermo-
dynamically undesirable for Pd to be located at the interface.
Because Pd has a higher surface energy than Au (2.003 J m™> for
the Pd (111) surface vs. 1.506 ] m~> for the Au (111) surface),”** it is
also thermodynamically undesirable for Pd to be located on the
surface. Accordingly, the Pd-S bond appears to be formed to
suppress the instability of the NCs (Fig. 16B).

Immobilization of metal NCs at the interface in Au,,M/BaLa,-
Ti,O;5 (M = Au, Pd, or Pt). As mentioned above, Au was located at
the interface in Au,s/BaLa,Ti,O;5 and Au,,Pd/BaLa,Ti,O;5. The
binding energy of Au and O is not very high. Moreover, for Au,,/
metal oxide, DFT calculations predicted that planar Au,, forms
an Au-O bond with the metal-oxide surface at a single point.>*°
In the Au Lj-edge FT-EXAFS spectra of Au,s/BaLa,Ti O;5 and
Au,,Pd/BaLa,Ti,O;5, no strong peaks attributed to Au-O were
observed.”®® Thus, it appears that there are only a small
number of Au-O bonds in Au,s/BaLa,Ti,O,5 and Au,,Pd/BaLa,-
Ti,O;5, and thus the metal NCs are weakly immobilized on
BaLa,Ti, O;;5 in these photocatalysts (Fig. 16A and B).

On the other hand, in Au,,Pt/BaLa,Ti 0,5, Pt was located at
the interface and formed multiple Pt-O bonds with BaLa,-
Ti 015 (Fig. 16C). Pt can bind more strongly with O than Au.
Thus, Au,,Pt is considered to be more strongly immobilized on
BaLa,Ti;O;5 than Au,s; and Au,,Pd. In fact, Au,,Pt did not
aggregate on BaLa,Ti,O;5 as much as Au,s and Au,,Pd during
the water-splitting reaction.>** This fact also strongly supports
our above interpretation.

3.3. Effect of controlling the cocatalysts on the catalytic
activity

The effect of the chemical composition of the cocatalyst on the
water-splitting activity was successfully elucidated by control-
ling the chemical composition of the metal NCs with atomic
precision.

3.3.1. Effect of the Au NC size. The water-splitting reaction
was performed by dispersing 500 mg of photocatalyst in 350 mL
of water and irradiating it with ultraviolet light from inside
using a high-pressure mercury lamp (400 W). The amount of
evolved gas was quantified by gas chromatography (Fig. 17).
When the gas accumulates in the reaction cell, the gas evolu-
tion is suppressed, and thus the changes in gas evolution over
time cannot be accurately tracked.”*® Hence, the gas was flowed
through the reaction cell in our studies (Fig. 17).

Under conditions of flowing CO,. In our early studies,**?*?
CO, was flowed into the reaction cell together with argon (Ar) to
accelerate the water-splitting reaction.>*® In these experiments,
the evolution of H, and O, increased continuously over time.
The volume ratio of the evolved gas was H,:0, = 2:1. These
results indicated that the water-splitting photocatalysis pro-
ceeded ideally under the conditions of this gas flow.

Fig. 18 shows the rate of gas evolution over Au,/BaLa,Ti,O;5
(n =10, 15, 18, 25, and 39; 0.1 wt% Au) and Auyp/BaLa,Ti,O;s
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Fig. 17 Schematic of the system used to estimate the photocatalytic
activity in our study.??>2*2 Reproduced with permission from ref. 247.
Copyright 2018 American Chemical Society.

(Aunp = Au NPs) on which 8-22 nm of Auyp was loaded by
photodeposition. As shown in Fig. 18, the amount of gas
increased continuously with a decreasing number of constitu-
ent atoms.>** This finding indicates that Au,/BaLa,Ti Os
loaded with smaller sized Au, NCs has higher photocatalytic
activity for Au,/BaLa,Ti,O;5 with the same amount (wt%) of Au.
Because the increase in activity with a decreasing number of
constituent atoms is very gradual, the change in activity
between them is interpreted to be mainly caused by the change
in the ratio of surface Au atoms, i.e., the change in the number
of Au atoms that can react with protons (H").

On the other hand, the difference in photocatalytic activity
between Au,/Bala,Ti;O,5 and Auyp/Bala,Ti,O;5 cannot be
explained by the difference in the number of surface atoms
alone. Various analyses have shown that the activity per surface
Au atom was reduced by 75-85% in Au,y/BaLa,Ti,O,5 compared
with in Auyp/Bala,Tiz0,5.>*> This finding suggests that the
increase in activity by the ultra-miniaturization of the Au
cocatalyst (Au NPs — Au, NCs) (Fig. 18) is mainly caused by
the increase in the number of surface Au atoms, which exceeds
the decrease in activity per Au atom.

Particle Size / nm
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1 1

Au,/

300 Ha Bala,TiOss

200

Rate of Gas Evolution / pmol h™1

Aupnp/
100 Bala,Ti;Oy5
©
0,
©
0 T T T U U T
10 15 18 25 39 ~58000

Number of Au Atoms (n)

Fig. 18 Effect of the NC size on the water-splitting activity studied using
Aup/BalasTisOq5 (n = 10, 15, 18, 25, and 39) and Aunp/BalasTizOq5 (0.1 wt%
Au). The average values obtained from four measurements are plotted
herein. Reproduced with permission from ref. 232. Copyright 2015
American Chemical Society.
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Without flowing CO,. Although the CO, flow in the above-
mentioned experiments is an effective means to achieve high
activity, the photocatalysts are expected to be dispersed over a
large area of water and irradiated with sunlight in practical
applications.*® Therefore, we conducted the same measure-
ments under Ar flow conditions (Fig. 17).>*” The results
revealed that the presence of CO, affects not only the water-
splitting activity but also its dependence on the size of the Au
cocatalyst.

Fig. 19A and B show the rate of gas evolution for Au,s/
Bala,Ti,O;5 and Auyp/BaLa,Ti,O;5 under an Ar flow (without
CO,). The ratio of H, to O, evolution was close to 2 : 1 regardless
of the type of photocatalyst (Au,s/BaLa,Ti;O;5 or Auyp/BaLa,-
Tiy0;5), confirming that the water-splitting reaction proceeded
ideally. However, under this flow condition, there was no
significant difference in the water-splitting activity between
Au,s/BaLa,Ti 05 and Aunp/BaLa,Ti O;5. This finding indicates
that the size effect of the cocatalyst varies depending on the
type of flowing gas and that the water-splitting activity cannot
be improved by mere miniaturization of the Au cocatalyst in the
absence of a CO, flow.

The water-splitting reaction consists of multiple reactions
(Fig. 20). Therefore, we investigated how the miniaturization of
the Au cocatalyst affects each reaction. First, we examined the
HER (Fig. 20A). The results revealed that the miniaturization of
Au cocatalysts accelerate the HER. However, as mentioned
above, the water-splitting activity was not improved by minia-
turization of the Au cocatalyst. Thus, we next investigated the
effect of the miniaturization of Au cocatalysts on the reverse
reaction. The results indicated that the miniaturization of the
Au cocatalyst also accelerates one of the reverse reactions, the
O,-photoreduction reaction (Fig. 20D). It was thus interpreted
that under an Ar flow, the water-splitting activity cannot be
enhanced by mere miniaturization of the Au cocatalyst as it
causes the acceleration of both reactions, thereby cancelling
the acceleration effect.**”

3000

20007
0,

1000

Rate of Gas Evolution / pmol h~!

Augs/ Aunp/

Cry0O4/Au,s/

Bala,Ti,O;5 Bala,Ti Oy Bala,Ti;O15

Fig. 19 Comparison of the rates of H, and O, evolution by photocatalytic
water-splitting over (A) Aups/BalasTisO1s, (B) Aunp/BalasTisOis, and
(C) Cr,03/Auzs/BalasTisOqs (0.1 wt% Au; 0.5 wt% Cr). Averages of values
obtained from several experiments are shown. Reproduced with permis-
sion from ref. 247. Copyright 2018 American Chemical Society.
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Fig. 20 Possible reactions that occur over a water-splitting photocatalyst
during the photocatalytic reaction: (A) the HER, (B) the OER, (C) the reverse
reaction, and (D) O, photoreduction.

3.3.2. Effect of heteroatom substitution. We also studied
the effect of heteroatom substitutions on the water-splitting
activity using Au,s/Bala,Ti O.s5, Au,,Pd/Bala,Ti,O,s5, and
Au,,Pt/Bala,Tiz0,5.>** In this experiment, the measurements
were also performed under the condition that only Ar was
flowed.

Fig. 21 shows the amounts of H, and O, evolved over Au,s/
BaLa,Ti 045, Au,,Pd/BaLa,Ti,Oy5, and Au,,Pt/Bala,Ti,O,5. The
amount of evolved gas was higher in the order of Au,,Pd/
BaLa,Ti,O5 < Au,s/BalLa,Ti,O;5 < Au,,Pt/BalLa,Ti;O;s5. This
result demonstrates that the substitution of one Au atom of
Au,s/Bala,Ti;O;5 with Pd causes a decrease in the water-
splitting activity, whereas the substitution of one Au atom of
Au,s/Bala,Ti,O;5 with Pt induces an increase in the water-
splitting activity. Such an enhancement of the water-splitting
activity by Pt substitution has also been observed in the work of
another group,>**2°° where larger Au-Pt alloy NPs were used as
cocatalysts. Fig. 21 demonstrates that such an effect occurs

N
(2]
o

. A B C
= 4
Ks} Hz
£ 120+ H,
c H;
S
3 g0
S 80
w
§ 1 O, O,
5 40 O,
o
5] 4
o

0

Auyg Auy,Pd Au,,Pt

Fig. 21 Rates of H, and O, evolution by photocatalytic water-splitting
with Auz4M/BalasTisO45 for M = (A) Au, (B) Pd, and (C) Pt (~0.1 wt% M; all
the samples include the same number of metal atoms in the cocatalysts).
The averages of the values obtained from three experiments are used in
the figures. Reproduced with permission from ref. 233. Copyright 2019
American Chemical Society.
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with only single atom substitution of the cocatalyst for Au,s/
BaLa,Ti Oqs.

To elucidate the reason for this change in the water-splitting
activity, we investigated the effect of heteroatom substitutions
on each reaction over the photocatalyst (Fig. 20).>** The results
indicated that both heteroatom substitutions accelerated the
H, evolution (Fig. 22). These substitutions were also observed
to accelerate the O, photoreduction, especially for the Pd
substitution. From these results, it can be interpreted that the
water-splitting activity was reduced by Pd substitution because
its effect on the acceleration of O, photoreduction exceeded its
effect on the enhancement of H, evolution, whereas the water-
splitting activity was increased by Pt substitution because the
effect of improving H, evolution exceeded the effect of promot-
ing O, photoreduction (Fig. 22).

Thus, the Pd and Pt substitutions induce different effects on
the reactions that occur on the photocatalyst, respectively. This
appears to be largely related to the different substitution
positions of both elements. As mentioned above, both Pd and
Pt substitutions increase the electron density of Au (Fig. 15).
Because both H, production and O, photoreduction require
electrons (Fig. 20), this increase in the electron density of Au
appears to cause an increase in the reaction rates of both
reactions (Fig. 22B and C).

However, in Au,,Pd/Bala,Ti,O,5, Pd, which more easily
reduces O, than Au, is located on the surface of the alloy NCs
(Fig. 22B). Pd was bound to S immediately after the photo-
catalyst preparation (Fig. 16B). However, after light irradiation,
S appears to be reduced to H,S and then desorbed from the
surface of the metal NCs. Thus, Pd is presumed to be exposed
during the water-splitting reaction (Fig. 22B). The presence of
such bare Pd is expected to greatly accelerate the O, photo-
reduction over Au,,Pd/BaLa,Ti,O;s. This appears to be the
reason why the effect of Pd substitution on the acceleration
of O, photoreduction exceeded the effect on the enhancement
of H, evolution.

For Au,,Pt/Bala,Ti,O,5, the Pt is located at the interface
between the alloy NCs and BaLa,Ti,O,5 (Fig. 16C); thus, Pt is
not exposed during the water-splitting reaction. In addition,
because electron transfer occurs more easily via Pt atoms than
via Au atoms at the interface, it is expected that photoexcited
electrons are more efficiently transferred from BaLa,Ti,O;5 to
metal NCs in Au,,Pt/BalLa,Ti,O,5 than in Au,,Pd/BaLa,Ti,O;5
(and Au,s/Bala,Ti O;5) (Fig. 22C). These facts appear to be

OAu @Pd
®Ft @S 0
H,0 H,
H&)Z - H
‘ 7Y

Auys/Bala,Ti,O;s

Fig. 22 Proposed structures of Au,4M/BalasTi4O15 for M = (A) Au, (B) Pd,
and (C) Pt during the water-splitting reaction. Reproduced with permission
from ref. 233. Copyright 2019 American Chemical Society.

Au,,Pd/Bala,Ti;O;s Au,Pt/Bala,Ti,0;s
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largely related to the difference in the heteroatom substitution
effect between Pd and Pt substitutions.

3.4. Creation of highly active water-splitting photocatalysts

In this way, the establishment of the atomically precise control
technique of cocatalysts provided a deeper understanding of (i)
the electronic/geometric structure of cocatalysts, (ii) the binding
mode at the interface between the cocatalysts and photocata-
lysts, and (iii) the effect of the number of constituent atoms of
the cocatalysts and the alloying on the catalytic activities. We
have also attempted to create highly active water-splitting photo-
catalysts based on this knowledge.

3.4.1. Formation of a chromium oxide shell on cocatalysts
for suppressing the reverse reaction. As described in Section
3.3.1, decreasing the particle size of Au cocatalysts accelerates
the HER. Substituting one Au atom of the Au cocatalysts with
Pd or Pt further accelerates the HER. However, these modifica-
tions also accelerate the O,-photoreduction reaction. Based on
this knowledge, it can be expected that if we could suppress the
reverse reaction, a highly active water-splitting photocatalyst
could be created based on the characteristic of fine Au,, NC
and heteroatom-doped Au, NC cocatalysts, namely, high
H,-evolution activity.

One effective means to suppress the reverse reaction of water
splitting is to form a chromium oxide (Cr,O;) shell on the
surface of the loaded cocatalyst. The Cr,0; shell is permeable to
H' but not to O, approaching from the outside. Domen et al.
reported that when the cocatalyst surface is covered by a Cr,0;
shell with such characteristics, it is possible to suppress only
the progress of the reverse reaction while maintaining the
H,-evolution activity. Thus, this approach is effective for
improving the water-splitting activity,?%146:2197221,251-256 1y
their research, they used the photodeposition method to form
the Cr,O; shell (Fig. 23A). However, when Au,s/BaLa,Ti,Oss,
Au,,Pd/BalLa,Ti,O,5, and Au,,Pt/Bala,Ti,O,5 were irradiated
with UV light, the loaded metal NCs aggregated.>** Thus, when
the method reported by Domen et al. is used as is, it is difficult
to form the Cr,0; shell on the surface of the loaded metal NCs
while maintaining the number of atoms of the metal NCs.
However, research in the field of surface science has revealed
that when a metal oxide loaded with metal NPs is heated under
an H, or O, atmosphere, a strong metal-support interaction
(SMSI) is induced, thereby leading to the formation of an oxide
film on the metal NPs.”>”"2%* Therefore, we attempted to form a
Cr,0; shell on the surface of the metal NC cocatalyst using such
a SMSI effect (Fig. 23B).>*’

Auys/Bala,Ti 015 In our CryO; shell formation process, the
Cr,0; layer was first formed on BalLa,Ti,O;5 using the photo-
deposition method before loading Au,s. Fig. 24A and B present
TEM and HR-TEM images of the photocatalysts on which the
Cr,0; (0.5 wt% Cr) layer was formed. These images confirm
that Cr,0; layers with thicknesses of approximately 0.7-1.3 nm
were formed on BaLa,Ti,O;s. Then, Au,s5(SG);s was adsorbed
onto the obtained Cr,03/BaLa,Ti,O15 (0.1 wt% Au; Fig. 24C and
D). The photocatalyst after the adsorption of Au,s(SG)is

This journal is © The Royal Society of Chemistry 2021
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Fig. 23 Comparison of the procedures of Cr,O3 shell formation in (A) the
literature®®* and (B) our work.2*” Reproduced with permission from
ref. 247 and 254. Copyright 2018 American Chemical Society and Copy-
right 2006 Wiley-VCH.

(Au,5(SG)14/Cr,03/BaLa,Ti,O45) was calcined at 300 °C for 2 h
under a reduced pressure. In the TEM image of the photocatalyst
after calcination (Fig. 24E), particles with an average size of
1.1 + 0.3 nm were observed. In the HR-TEM image of the
photocatalyst after calcination (Fig. 24F), a thin layer with a
thickness of approximately 0.7-0.9 nm was observed around
particles with high electron density. This indicates that the Au,;
was covered with a Cr,O; layer during calcination (Fig. 23B). Part
of the chromium was oxidized to a highly oxidized state (>3+)
during calcination. Accordingly, we irradiated the photocatalyst
with UV light to reduce the highly oxidized chromium oxide to
Cr,0; and thereby obtain the desired Cr,03/Au,s/Bala,Ti O;5.>*

The resulting Cr,03/Au,s/Bala,Ti,O;5 exhibited higher
water-splitting activity than Au,s/BalLa,Ti,O;5. Fig. 19A and C
show the water-splitting activity of Au,s/BaLa,Ti,O;5 and Cr,O5/
Au,s/Bala,Ti Oq5. Au,s/Bala,TiO;5, without a Cr,O; shell,
evolved H, at 160.5 pmol h™" (Fig. 19A). On the other hand,
Cr,03/Au,s/BaLa,Ti,O,5, which had a Cr,0; shell, evolved H, at
3032 pmol h™' (Fig. 19C). These results demonstrate that
forming the Cr,O; shell enhanced the water-splitting activity
of the photocatalyst by approximately 19 times. Cr,O3 itself
hardly improved the water-splitting activity.>’” In addition,
forming the Cr,0; shell had little effect on the electronic state
of Au,s.>*” Therefore, it can be considered that the improve-
ment in the water-splitting activity was mainly caused by the
suppression of the O,-photoreduction reaction due to the Cr,03
shell formation. Indeed, it was experimentally confirmed that
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Fig. 24 TEM images (A, C and E) and HR-TEM images (B, D and F) of
(A and B) Cr,03/Bala,TizO15 (0.5 wt% Cr), (C and D) Au,s(SG)1g/Cr,Os/
BalasTisOs5 (0.1 wt% Au; 0.5 wt% Cr), and (E and F) Cr,O,/Au,s/Balas-
Ti4O15 (0.1 wt% Au; 0.5 wt% Cr). Cr,0, indicates the chromium oxide in
which part of the chromium was oxidized to a highly oxidized state (>3+).
In (C and E), the insets show the core-size distributions of the particles. In
(B and F), the thicknesses of the Cr,O3 or Cr,O, shells are indicated by
yellow double-pointed arrows. In part (F), the particle size is also indicated
by a white double-pointed arrow. Reproduced with permission from
ref. 247. Copyright 2018 American Chemical Society.

the O,-photoreduction reaction was greatly suppressed over
Cr,0;/Au,5/BaLla,Ti;045.>* In this way, we succeeded in creat-
ing a highly active water-splitting photocatalyst that takes
advantage of Au,s cocatalysts by forming a Cr,0; shell on the
surface of the Au,s cocatalysts.

This study also revealed that the aggregation of cocatalysts
during light irradiation can be suppressed by forming the
Cr,0; shell.>”” When using our Cr,03-shell formation method,
Au,s was covered with a Cr,Oj3 layer on BaLa,Ti O,5 (Fig. 23B).
In this case, Au,; should not easily move around on the surface
of the photocatalysts. Indeed, Cr,O;/Au,s/Bala,Ti;O;5 main-
tained high water-splitting activity for a long time (Fig. 25A).
Unlike for Au,s/BaLa,Ti 045 (Fig. 25B(a)), the particle size of the
Au cocatalyst hardly changed even after 10 h light-irradiation
for CryO3/Au,s/BaLla,Ti Oq5 (Fig. 25B(b)). These results indicate
that the Cr,O; shell formed using our method improves not
only the water-splitting activity but also the stability of the
cocatalyst on the photocatalyst surface.

Auy,Pt/Bala,Ti,0;5. We also attempted to form the Cr,O3
shell on Au,,Pt/BaLa,Ti,O;5 using a similar method to that
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Fig. 25 (A) Time dependence of the evolution of H, and O, over Cr,Os/
Aus/BalasTizOq5 with 0.1 wt% Au and 0.5 wt% Cr. (B) TEM images of
(@) Auys/BalasTizO45 and (b) CroOs/Auss/BalasTisOq5 after UV irradiation
for 10 h. Reproduced with permission from ref. 247. Copyright 2018
American Chemical Society.

shown in Fig. 23B.>** Fig. 26A presents TEM and HR-TEM
images of the obtained photocatalyst, respectively. In the
TEM image, particles of 1.3 £+ 0.3 nm in size were observed.
This particle size was slightly larger than that of Au,,Pt-
(PET);5_,(p-MBA),/Cr,05/BaLa,Ti,O;5 (1.0 + 0.2 nm). This
indicates that for Au,,Pt/BalLa,Ti,O;s, slight aggregation of
the cocatalysts occurred during Cr,O; shell formation. Based
on the particle-size distribution (Fig. 26A(a)), the main product
was estimated to be (Au,,Pt); ; composed of 1-3 Au,,Pt units,
meaning that ~77% of the Au,,Pt was aggregated to form
(AupaPt); 5. p-MBA has a smaller number of hydro-
philic functional groups than SG. Furthermore, in Au,s-
Pt(PET);5_,(p-MBA),(y = 3-10), not all the ligands have hydro-
philic functional groups. Therefore, Au,,Pt(PET);s_,(p-MBA),
(y = 3-10) should more weakly adsorb to the Cr,O; surface than
Au,5(5G)1s. It can be considered that slight aggregation of
Au,,Pt occurred during calcination, most likely due to this
weaker adsorption. The HR-TEM images confirmed that the
Cr,0; layer was also formed around (Au,,Pt); ; (Fig. 26A(Db)).
Fig. 27 shows the amount of gas evolved over Cr,O3/
(Auy4Pt); _3/Bala,Ti O;5. This photocatalyst evolved appro-
ximately 20 times more gas than Au,,Pt/BaLa,Ti O15
(Fig. 27),>*? indicating that Cr,05/(Au,4Pt);_;/BaLa,Ti,O;5 was
even more active than Au,,Pt/BaLa,Ti;O,5. In addition, the total
amount of gas increased proportionally with time. After light
irradiation, the average particle size slightly increased com-
pared with that of Cr,O3/(Au,,Pt); s/BaLa,Ti 0,5 before light
irradiation (Fig. 26B(a)). However, the increase in particle size
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Fig. 26 (A and B) (a) TEM images and particle-size distributions and (b)
HR-TEM images of Cr,O3/(Aux4Pt); _3/BalasTisO15 (~0.1wt% M (M = Au or
Pt); 0.3 wt% Cr) before (A) and after (B) UV light irradiation for 10 h. The
thicknesses of the Cr,O3 shells and the particle sizes are indicated by black
and yellow double-ended arrows, respectively. Reproduced with permis-
sion from ref. 233. Copyright 2019 American Chemical Society.
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Fig. 27 Time course of water splitting over Cr,Oz/(Aux4Pt);_3/Balay-
Ti4O15 together with that over Au,4Pt/BalasTisO;s. Reproduced with
permission from ref. 233. Copyright 2019 American Chemical Society.

(1.3 £ 0.3 nm — 1.6 £ 0.6 nm) was far more suppressed than
for Au,,Pt/Bala,Ti 0,5 without the Cr,0; layer (1.1 £ 0.2 nm —
2.8 £ 0.9 nm). These results suggest that the combination of Pt
substitution and Cr,0; layer formation makes it possible to
create highly active and stable photocatalysts.

In this way, we have succeeded in forming a Cr,O; layer on
(Au,,Pt); 3 and thereby creating a photocatalyst with high
activity and stability. Unfortunately, for Au,,Pt, ~77% of the
Au,,Pt aggregated during formation of the Cr,0; layer. Further-
more, there was a slight increase in the particle size after 10 h
of the water-splitting reaction, even for the photocatalyst with a
Cr,0; layer. This increase is most likely because all of the alloy
clusters were not necessarily covered with a Cr,O; layer.

This journal is © The Royal Society of Chemistry 2021
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However, if these problems could be addressed, more func-
tional photocatalysts will be successfully created through a
combination of decreasing the particle size, alloying, and
suppressing the reverse reaction by Cr,0O;-layer formation.

3.4.2. Use of rhodium. In the above series of studies, Au
was used as the base element of the cocatalyst NCs. However, a
volcano plot of H" adsorption/H, desorption®®® predicts that Rh
should exhibit higher activity than Au as a cocatalyst for the
HER. Therefore, loading an ultrafine cocatalyst composed of Rh
and Cr oxides onto a photocatalyst surface is expected to induce
higher water-splitting activity. Indeed, Domen et al. reported
that photocatalysts loaded with Rh™-Cr™ mixed-oxide NPs
(Rh,_,Cr,03, 10-30 nm) exhibited higher water-splitting activity
than those loaded with metal NPs composed of other metal
elements.*®®2%° The activity of the photocatalysts is expected to
increase with the use of finer Rh,_,Cr,O; NPs. However, it is
difficult to load ultrafine Rh, ,Cr,O; particles onto photocata-
lysts using conventional methods (Fig. 3A and B). Accordingly,
we attempted to load fine Rh, ,Cr,O3; NCs on BaLa,Ti,O;5 using
our method (Fig. 28).27°

Unfortunately, there have been no reports on the precise
synthesis of Rh, ,Cr,O; NCs. Therefore, in this experiment,
Rh-SG complexes, containing Rh,(SG), as a main component,
were used as a precursor. First, the Cr,O; layer was formed on
BaLa,Ti,O;5 by photodeposition to prepare Cr,Oz/BaLa,Ti;O15
(Fig. 29A). Then, the Rh-SG complexes were adsorbed on
the surface of Cr,03/Bala,Ti,O45 (Fig. 29B(a)). Various struc-
tural analyses revealed that approximately 6 Rh,(SG), com-
plexes aggregated during adsorption.>’® Then, Rh-SG/Cr,05/
BaLa,Ti,O;5 was calcined at 300 °C under reduced pressure to
remove the ligands from the Rh-SG complexes and form a solid
solution of Rh and Cr oxides (Fig. 29B and C). Finally, a small
amount of Cr with a slightly higher oxidation state was reduced
to Cr'" by UV light irradiation (Fig. 28E). This series of proce-
dures enabled us to load Rh,_,Cr,O3 NCs with sizes of approxi-
mately 1.3 + 0.3 nm and a narrow size distribution on
BaLa,Ti,O;5 (Rh, ,Cr,0s/BaLa,Ti O;5; Fig. 29D(a)).

B
A photodeposition Cry0s
of Cr,03
— adsorption of
| N Rh-SG
/ \ Rh-SG
" t
R—. Cr,0,/Bala,Ti,Os ] aggregates
4714015 Eﬁj - /
calcination %
E to remove ligands % n
% i D & mixRh with Cr n /
ight >~
»,_irradiation Rh-SG/Cr,04/Bala,Ti,O
o o ; — . « 203 4714015
o
» e Rh,03

. ,0/ )L Rh,_,Cr,0;
Rhy_Cr,0y/Bala,Ti,0 -
2Cr0/BalaTiOns Rh,Cr,0,/Bala,Ti,Os

Fig. 28 Schematic of the experimental procedure for the formation of
ha,XCrXO3/BaLa4Ti4O15. (A) BaLa4Ti4O15, (B) Cr203/BaLa4Ti4O15, (C) Rh—SG/
Cr,03/BalasTi4sOs5, (D) Rh,_,Cr,Oy/BalasTisO15, and  (E) Rh,_,Cr,0s/
BalasTi4O15. Rh,_,Cr, O, indicates Rh,_,Cr,Os including highly oxidized Cr (>3+).
Reproduced with permission from ref. 270. Copyright 2020 Wiley-VCH.
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Fig. 29 (A) HR-TEM images of Cr,Os/BalasTi4Os5 observed at (a) low
magnification and (b) high magnification for the edge of BaLasTi4O15. The
image in (b) is an expansion of the red square in the image in (a). In this
experiment, Cr was loaded at 1 wt% to easily monitor the position of the
Cr,0Os3 layers. (B) Line analysis of elemental mapping for (a) Rh—SG/Cr,03/
Bala,TisOs5 and (b) Rh,_,Cr,O,/BalasTi4O1s. (C) Schematic of the phe-
nomenon that occurred during the calcination process. (D) TEM images of
Rh,_,CrOz/Bala,Ti4O15 (a) before and (b) after UV irradiation for 10 h. The
red circles indicate the Rh,_,Cr,O= particles. Reproduced with permission
from ref. 270. Copyright 2020 Wiley-VCH.

The obtained photocatalyst exhibited an apparent quantum
yield of 16% (excitation wavelength = 270 nm; Fig. 30), which is
the highest achieved for BaLa,Ti 0,5 to date.””° For this photo-
catalyst, almost no decrease in activity and no increase in
particle size were observed even after 10 h of the water-
splitting reaction (Fig. 29D(b)). Moreover, it was confirmed that
both the reverse reaction (Fig. 20C) and O,-photoreduction
reaction (Fig. 20D) were well suppressed over this sample, as
expected.”’® These results indicate that loading Rh,_,Cr,O;
NCs using our method is very effective for creating highly
functional water-splitting photocatalysts.

The method of loading Rh, ,Cr,O; NCs established in this
study can be applied to other photocatalysts in principle.
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Fig. 30 Comparison of the rates of H, and O, evolution by photocatalytic
water-splitting over different photocatalysts: (A) Rh,_,Cr,Os/BalasTizO1s
(0.09 wt% Rh and 0.10 wt% Cr), (B) Cr,O3/Auzs/BalasTisOq5 (0.10 wt% Au
and 0.50 wt% Cr), (C) NiO,/Niyp/BalLasTisO15 (0.50 wt% Ni), and
(D) Rhy_,CrO3 (3.0 nm)/BalasTisO15 (0.10 wt% Rh and 0.15 wt% Cr). In
this study, NiOX/Nin/BaLa4Ti4015 and ha,XCrXO3 (3.0 nm)/BaLa4Ti4015
loaded with Rh,_,Cr,O3 NPs of ~3.0 nm were prepared by the impreg-
nation method. Reproduced with permission from ref. 270. Copyright
2020 Wiley-VCH.

In addition, Rh, ,Cr,O; is an effective cocatalyst for various
water-splitting photocatalysts.>®®>%9?71272 In the future, it is
expected that high quantum yields can be achieved for many
water-splitting photocatalysts using this loading method.

4. Conclusions

We have attempted to create practical water-splitting photo-
catalysts by combining the most advanced techniques of both
metal NCs and water-splitting photocatalysts (Fig. 4). The
following findings were obtained regarding the loading of an
atomically precise cocatalyst, the electronic/geometric structure
of a cocatalyst, the correlation between the types of loaded metal
NCs and the water-splitting activity, and the functionalization of
a water-splitting photocatalyst.

Loading of atomically precise metal NCs

(i) When Au,(SG),, NCs are used as precursors, it is possible to
load Au,, NCs with a controlled number of constituent atoms on
BaLa,Ti O,5 and SrTiO;.

(ii) To load Au, NCs while maintaining the number of constituent
atoms of the precursor NCs, it is indispensable to use Au,(SG),,
NCs with high stability in solution as the precursor.

(iii) If hydrophobic metal NCs are used as precursors, replacing
some of the ligands of the NCs with hydrophilic ligands via
ligand exchange is an effective means of loading atomically
precise metal NCs on the photocatalyst.

(iv) An increase in the amount of loaded NCs induces an
increase in the particle size of the loaded NCs. In the loading
of Au, (n = 10, 15, 18, 25, or 39), Au,,Pd, and Au,,Pt on
BaLa,Ti 0,5, when metal NCs are loaded with <0.2 wt% metal,
it is possible to suppress the aggregation of NCs on the
photocatalysts.

434 | Chem. Commun., 2021, 57, 4177-440

View Article Online

ChemComm

Electronic structures

(i) The loaded metal NCs have electronic structures different
from those of the precursor metal NCs.

(ii) In Au,s/Bala,Ti,O,5, partial charge transfer occurs from
BaLa,Ti O¢5 to Au,s.

(iii) Substitution of Au in Au,s/BaLa,Ti;O;5 with Pd or Pt
increases the electron density of Au in the loaded NCs.

Geometric structures

(i) On BaLa,Ti 045, Au,s NCs have a relatively planar geometric
structure, and Au,,Pd and Au,,Pt NCs have more three-
dimensional structures.

(ii) In Au,,Pd/BaLa,Ti O;s, Pd is located on the surface of the
loaded metal NCs and bound to S. On the other hand, in
Au,,Pt/BaLa,Ti,O,5, Pt is located at the interface between
Au,,Pt NCs and BaLa,Ti,Os.

(iii) In Au,s/Bala,Ti,O;5 and Au,,Pd/Bala,Ti,O;s, there are
only a few Au-O bonds at the interface between the metal
NCs and the photocatalyst, leading to the weak immobilization
of the loaded metal NCs on the photocatalyst. On the other
hand, in Au,,Pt/BaLa,Ti,O,5, several Pt-O bonds are formed at
the interface of the metal NC/photocatalyst, leading to stronger
immobilization of the loaded metal NCs on the photocatalyst.

Catalytic activity

(i) with the same Au loading amount, Au,/BaLa,Ti 0,5 with a
smaller number of constituent atoms exhibits higher photo-
catalytic activity.

(ii) The difference in activity among Au,/BaLa,Ti,O;5 (n = 10,
15, 18, 25, and 39; 0.1 wt% Au) is mainly due to the change in
the proportion of surface Au atoms.

(iii) The higher activity of Au,/BalLa,Ti;O;5 compared with
Auyp/BaLla,Ti,O;5 is caused by the increase in the number of
surface Au atoms that exceeds the decrease in activity per
Au atom.

(iv) The size effect of the cocatalyst changes depending on the
type of flowing gas. When using flowing gas not containing
CO,, the water-splitting activity is not changed by mere minia-
turization of the Au cocatalyst. This phenomenon is explained
by the acceleration of both the HER and O,-reduction reaction
due to miniaturization of the Au cocatalyst.

(v) The substitution of one Au of Au,s/BaLa,Ti;O;5 with Pd
induces a decrease in the water-splitting activity. On the other
hand, the substitution of one Au of Au,s/BalLa,Ti,O,5 with Pt
induces an increase in the water-splitting activity. These oppo-
site trends are caused by the difference in the substitution
positions of Pd and Pt.

Functionalization

(i) A highly active water-splitting photocatalyst that takes
advantage of the high H,-production ability of ultrafine Au,
NCs can be created by forming a Cr,O; shell on the surface of
Au,, NCs. When applying Pt substitution to such cocatalysts,
further high water-splitting activity can be obtained.

This journal is © The Royal Society of Chemistry 2021
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(ii) When using fine Rh, ,Cr,O; NCs as a cocatalyst, further
enhancement of the activity can be achieved for BaLa,Ti O;5
photocatalysts.

It is expected that these findings will lead to clear design
guidelines for the creation of practical water-splitting
photocatalysts.

5. Outlook

The following efforts are considered necessary to obtain a
deeper knowledge of water-splitting photocatalysts and thereby
create practical photocatalysts.

Establishment of a synthesis method of atomically precise Rh,,
NCs

The study on Au,/BaLa,Ti,O;5, where the number of constitu-
ent atoms of the cocatalyst was controlled with atomic preci-
sion, revealed the details of the effect of miniaturization of the
Au cocatalyst on each reaction. However, although the number
of constituent atoms of the cocatalyst was not controlled with
atomic precision, even higher water-splitting activity was
achieved for Rh, ,Cr,O; NC/BaLa,Ti,O,5. Therefore, precise
synthesis methods are expected to be established for Rh,, NCs
in the future. If the obtained precise Rh,, NCs would be used as
precursors of cocatalysts, we could obtain deeper understanding
of the functionalization of Rh,_,Cr,0O; NC/BalLa,Ti,O,5 and
thereby create even more active Rh,_ ,Cr,O; NC/BaLa,Ti;O;s.

Use of non-noble metal cocatalysts

As shown in this feature article, the use of cocatalysts consisting
of noble metals, such as Au, Pt, and R, is effective for producing
high activity. However, these metals are expensive elements.
Since previous studies showed that non-noble elements, such
as nickel, cobalt, manganese, etc.,>'****”* can also be used for
the creation of active cocatalysts, research searching for effective
non-noble metal cocatalysts is expected to be conducted in
future studies. To achieve this, various precise synthesis meth-
ods are also expected to be established for non-noble metal
NCs.>"*

Selective loading of metal NCs on the optimal crystal plane

In a semiconductor photocatalyst, there are respective crystal
planes which electrons and holes generated by photoexcitation
can easily reach. If HER and OER cocatalysts could be selec-
tively loaded on such crystal planes, electrons and holes could
be efficiently used in the reaction.’”?”> Thus, techniques for
selectively loading metal NCs on specific crystal planes are
expected to be developed in the future.

Elucidation of the HER and OER activities of existing metal NCs
using electrochemical methods

The research field of metal NCs has already realized the precise
synthesis of many metal NCs. Among them, there might be
metal NCs with electronic structures suitable for HER and OER
cocatalysts. Because the HER and OER activity of each metal NC

This journal is © The Royal Society of Chemistry 2021
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can be estimated by electrochemical measurements,”" it is
expected that electrochemical experiments will be widely con-
ducted for the existing precise metal NCs. These studies could
lead to the discovery of novel high-performance cocatalysts.

Elucidation of the geometric structures of loaded metal NCs

To understand the structure-property relationship, it is essential
to obtain deeper understanding of the geometrical structure of
the loaded metal NCs. Therefore, in the future, it is expected that
the geometric structure of the loaded metal NCs will be studied
using Cs-corrected TEM>’® and scanning TEM. In addition,
operando measurements using X-ray absorption fine structure
(XAFS) analysis®” are also expected to be conducted to obtain a
deeper understanding of the geometric structure during the
water-splitting reaction.

Structural control of loaded metal NCs

Even if SR-protected metal NCs having no variation in the
geometric structure are used as the precursor, there appears
to be variation in the geometric structures of the loaded metal
NCs. To identify the geometric structures of NCs that create
high activity and to selectively load such NCs on the photo-
catalysts, it is necessary to establish methods to control the
geometric structure of the loaded NCs. Previous studies have
established various methods to refine the size and structure of
SR-protected metal NCs dispersed in solution.'>*'3%193:278 |
the future, it is expected that methods to refine the size and
structure will also be established for the loaded NCs.

n

Decreasing the size of loaded metal NCs

As shown in Section 3.1.1, decreasing the size of cocatalysts
leads to higher activity. Recent studies by another group
implied that atomically dispersed metal cocatalysts are also
effective for improving water-splitting photocatalysts.>”* %" In
the future, it is expected that cocatalysts will be controlled in a
smaller size region by using smaller ligand-protected metal
clusters''*?%>?%% and thereby the effective size of the cocata-
lysts will be elucidated in more detail.

Elucidation of the charge-transfer rate at the interface between
the photocatalysts and cocatalysts

To obtain a highly active water-splitting photocatalyst, it is also
important to increase the rate of carrier transfer and the carrier
injection efficiency from the photocatalyst to the cocatalyst.>*°
However, currently, there is little information on these proper-
ties for photocatalysts loaded with fine metal NCs. In the
future, it is expected that deeper understanding of the carrier
transfer rate and carrier injection efficiency will be obtained
through fluorescence lifetime measurements and transient
absorption spectroscopy.®®”* Such information would lead to
clearer design guidelines for the creation of high-performance
cocatalysts that can effectively transfer excited electrons from
photocatalysts to cocatalysts.
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Activation of visible-light-responsive photocatalysts

BaLa,Ti,O;5 and SrTiO; used in our research exhibit high
apparent quantum yields and stabilities among ultraviolet
light-driven water-splitting photocatalysts (left half part in
Fig. 7). However, approximately 40% of solar energy is in the
visible-light region. Therefore, effective use of visible light is
indispensable for the practical application of water-splitting
photocatalysts.”® Currently, there are only a few semiconductor
photocatalysts that can completely split water in one step using
visible light, such as GaN:ZnO, g-C;N,, etc. (right half part in
Fig. 7).”® However, overall water-splitting using visible light can
also be achieved by a photocatalytic system that uses a two-step
reaction called the Z-scheme, which imitates photosynthesis in
plants.>>?%2%31734 1y the future, it is expected that both of these
visible-light-responsive water-splitting photocatalysts will be
more activated based on the knowledge obtained in previous
studies.

Guidance by DFT calculations

As described above, in recent years, it has become possible to
control the chemical composition of cocatalysts with atomic
precision. For photocatalysts loaded with such atomically precise
cocatalysts, DFT calculations could predict highly functional
photocatalytic systems.”®” In the future, it is expected that
research aimed at the improvement of the functionality of
photocatalysts will shift from trial-and-error experiments to
prediction by DFT calculations.

We hope that many water-splitting photocatalysts for prac-
tical use will be created by overcoming these issues and that we
can welcome a society in which energy and environmental
problems have been solved as soon as possible.
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