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ABSTRACT: The development of water-splitting photocatalysts
capable of generating green hydrogen (H,) from water and
sunlight is crucial for achieving carbon neutrality. Further
enhancement of the photocatalytic water-splitting activity is
essential to realizing this objective. Photocatalysts with specific
exposed crystal facets can facilitate efficient charge separation of
electrons/holes, thereby achieving high activity for water splitting.
However, there have been no reports of ultrafine (~1 nm)
cocatalysts being loaded onto specific crystal facets of photo-
catalysts, despite cocatalysts being the actual reaction sites for
water splitting. This study establishes a novel method for achieving
facet-selective loading of ultrafine H,-evolution cocatalysts onto
the {100} facets, which are the H,-evolution facets, of a strontium
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titanate photocatalyst. The resulting photocatalyst exhibits the highest apparent quantum yield achieved to date for strontium
titanate. This research holds the potential to further improve various types of advanced photocatalysts and is expected to accelerate

the transition to carbon neutrality.

B INTRODUCTION

One approach to achieving carbon neutrality is the transition
to a hydrogen (H,)-based energy society. Using water-splitting
photocatalysts, green H, can be produced from only water and
sunlight without emitting carbon dioxide (Figure 1a).!”’
Water-splitting photocatalysts can produce H, more cheaply
than water electrolysis because they do not require power
generators, voltage control devices, and electrodes.® It is
estimated that 5—10% of solar-to-H, conversion efficiency is
required for practical application of water-splitting photo-
catalysts; improving the performance of water-splitting photo-
catalysts is currently being actively conducted.””*
Water-splitting photocatalysts consist of a semiconductor
photocatalyst that absorbs light and metal or metal oxide
particles called cocatalysts (Figure 1). Cocatalysts act as the
reaction site and play a crucial role in promoting reaction rates
and charge separation (Figure la). Functionalizing cocatalysts
can effectively improve the activity and durability of photo-
catalysts.””"" Generally, a cocatalyst is loaded onto a
photocatalyst by conventional PD'*~'* (Figure 1d) or
mMp~ (Figure le) methods. Although these methods are
technically straightforward, it is inherently challenging to
precisely control the size and electronic structure of the
cocatalyst. Loading a cocatalyst with finer particles results in
much larger mass activity because of the increase of the specific
surface area of the cocatalyst.'® > For this reason, a novel
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loading method has recently been established in which fine
metal nanoclusters (NCs) with a particle size of about 1 nm
are precisely synthesized in advance®'~** and then loaded on
photocatalysts (denoted as NCD; Figure 1c). There are many
reports showing that the NCD method increased the water-
splitting activity of photocatalysts.”**~*’

Some photocatalysts have a specific crystal facet to which
excited electrons or holes easily transfer.”””*" This is because
the ease of electron or hole transfer depends on the difference
of the work function on each crystal facet.” Selective loading of
appropriate Hj-evolution”*”™** and oxygen (O,)-evolu-
tion’>’" cocatalysts on electron- and hole-transfer crystal
facets, respectively, can improve the activity of water-splitting
photocatalysts by promoting efficient space-charge separation
and reaction.*”***"*>7* Previous studies have revealed that the
PD method can be used to selectively load H,- and O,-
evolution cocatalysts on crystal facets, to which excited
electrons and holes, respectively, can move easily.”’ In the
NCD method, the cocatalyst is loaded nonselectively onto the
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Figure 1. Background and purpose of this research. (a) Schematic illustration of water-splitting photocatalysis. Schematic diagrams of cocatalyst
deposition methods on a photocatalyst for (b) facet-selective nanocluster deposition (F-NCD; this work) and conventional (c) nanocluster
deposition (NCD), (d) photodeposition (PD), and (e) impregnation (IMP). IMP is an easy method to load cocatalysts, but it is difficult to control
both particle size and loaded crystal facets. PD can be facet-selectively loaded cocatalysts, but it is difficult to control the particle size. NCD can
control particle size of cocatalysts, but the particles are loaded on crystal facets randomly. In contrast, the F-NCD method makes it possible to
facet-selectively load ultrafine cocatalysts while maintaining a fine particle size.

photocatalyst by forming chemical bonds between the ligands
of the metal NCs and photocatalyst surface.””> Consequently,
NC cocatalysts are loaded even on crystal facets, where the
desired reaction does not occur (Figure 1c). In this study, we
establish F-NCD (Figure 1b), in which a fine H,-evolution
cocatalyst with a particle size of about 1 nm is selectively
loaded onto the H,-evolution facets of a photocatalyst.
Specifically, we modify NCD by suppressing the chemical
adsorption of cocatalyst precursors [rhodium (Rh) complexes]
on the O,-evolution facets by protecting these facets with
organic compounds. We also enhance the selective adsorption
of the Rh complexes on the H,-evolution crystal facets using
photoreductive adsorption (Figure 2). Using the F-NCD
method, 1.2 nm Rh, ,Cr,O; (Rh—Cr) cocatalyst as a H,-
evolution cocatalyst is selectively loaded on the {100} facets
(the H,-evolution facets) of a strontium titanate (SrTiO;;
STO) photocatalyst (Figures 1b, 2a—e, and S1). The
cocatalyst-loaded STO photocatalyst obtained by the F-NCD
method exhibits an apparent quantum yield (AQY) 2.2 times
higher than that of cocatalyst-loaded STO prepared by the
conventional PD method. This AQY is the highest obtained to
date for STO synthesized by hydrothermal synthesis. The F-
NCD method is extended to other photocatalysts and NCs to
demonstrate its versatility.

B RESULTS AND DISCUSSION

Preparation and Characterization of Cocatalysts
Using F-NCD on Photocatalysts. First, 18-STO, and 6-
facets STO (6-STO) for comparison, was synthesized by
hydrothermal synthesis according to previous reports (Figures
3a,b and $2).’>* In the PXRD pattern of 18-STO (Figure S2),
peaks were observed at 68 and 47° that were consistent with
the (220) and (200) reflections, respectively. This confirmed
that both {110} and {100} facets are exposed in 18-STO.
Excited electrons and holes tend to move to the {100} and
{110} facets, which act as H,- and O,-evolution facets,
respectively, in water-splitting reactions.”

The glutathione (SG)-protected Rh complexes (Rh—SG) as
the precursor of the NC cocatalysts were prepared by our
established method (Figure S3a).” Ultraviolet—visible spec-
troscopy confirmed that Rh—SG was similar to that obtained
previously; therefore, it contained Rh,(SG), as the main
compound (Figure S3b). TEM confirmed that the fine particle
size of Rb—SG was 0.8 + 0.1 nm (Figure 3c). We attempted to
selectively load the obtained Rh—SG onto the {100} facets of
18-STO. Previous studies revealed that introducing chromium
oxide (Cr,0;) on the H,-evolution cocatalyst suppressed the
reverse reaction on the cocatalyst surface as well as preventing
cocatalyst aggregation,””™* thereby increasing photocatalytic
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Figure 2. Schematic illustrations of F-NCD and strategies for facet-selective and efficient loading of ultrafine Rh,_,Cr,0; NC cocatalysts. (a—e)
Steps for prepation methods of F-NCD. (f,g) Two strategies for facet-selective and efficient loading of ultrafine Rh,_,Cr,O; NC cocatalysts on the

{100} facets (H,-evolution facets) of 18-facet STO (18-STO).

activity and durability. Therefore, in this study, to finally load
the solid-solution Rh—Cr cocatalyst on the {100} facets, a
Cr,0; layer was first loaded on the {100} facets of 18-STO
(Cr,0;/18-STO) by PD (Figure 2b).”” HAADF-STEM
images and elemental mapping by EDS confirmed that the
Cr,0; layer of Cr,05/18-STO was loaded only on the {100}
facets of 18-STO (Figure S4a,b). During PD, Cr,O; is loaded
on facets to which excited electrons can easily move. It is
interpreted that the Cr,O; layer was selectively loaded on the
{100} facets of 18-STO. Corresponding Cr K-edge XANES
spectra (Figure S4c) showed that the rise of the white line
observed at ~6000 eV is in good agreement with that of the
standard Cr,0; sample and Cr,0;/18-STO, indicating that the
loaded Cr,O; layer had an electronic state consistent with that
of Cr(III).

Next, we attempted to adsorb Rh—SG on the {100} facets of
Cr,0,/18-STO (Figure 2c). If NC deposition is conducted
without special treatment, Rh—SG adsorbs randomly on both
{100} and {110} facets of 18-STO driven by hydrophilic
interactions (such as OH:-O and NH--O) between SG and
STO or Cr,0;. To achieve the selective adsorption of Rh—SG
on {100} facets of 18-STO, we suppressed Rh—SG adsorption
on the {110} facets of 18-STO by appropriate compound
protection (strategy 1; Figure 2f) and promoted Rh—SG
adsorption on the {100} facets of 18-STO through photo-
induced ligand desorption from Rh—SG (strategy 2; Figure
2g).

gRegarding strategy 1, certain organic compounds adsorb
only on specific crystal facets of semiconductors driven by the
different surface charges of crystal facets.”> Using this property,
we attempted to protect the {110} facets of 18-STO with an
appropriate organic compound prior to Rh—SG adsorption.
This would suppress the adsorption of Rh—SG on the {110}
facets, leading to the facet-selective adsorption of Rh—SG on
the {100} facets. Therefore, we searched for an appropriate
organic compound that adsorbed selectively on the {110}
facets of 18-STO (Figures SS and S6a). The results revealed
that EG adsorbed on 18-STO with {110} facets but did not

adsorb on 6-STO with only {100} facets from the results of
FT-IR spectra (Figure 3f). Accordingly, we used EG as an
organic additive to protect the {110} facets of 18-STO and
enable selective adsorption of Rh—SG on the {100} facets of
18-STO.* Further experiments showed that an appropriate
amount of EG was needed to be added to achieve facet-
selective loading (Figure S6b).

However, when using only strategy 1, Rh—SG was adsorbed
on 18-STO with an adsorption rate of only 49%. Therefore, we
also developed strategy 2 to increase the adsorption rate of
Rh—SG on 18-STO. The amount of Rh—SG adsorbed on the
{100} facets of Cr,05/18-STO is dominated by the adsorption
equilibrium at the interface between Cr,0;/18-STO and
water. Therefore, if the ligand of Rh—SG is removed by
photoexcited electrons, the ligand-removed Rh—SG forms
strong bonds with Cr,0;/18-STO and thereby, Rh—SG is
expected to readily adsorb on Cr,0;/18-STO. It is expected
that when Rh—SG/Cr,0;/18-STO is photoirradiated under
basic conditions, thiolate (SR) could be desorbed from Rh—
SG using excited electrons generated by photoirradiation of
Cr,0,/18-STO (M,(SR),, + ¢ — M,(SR),_, + SR)*
(Figure 2g). Because the exposed Rh site generated by this
reaction forms a Rh—O bond with Cr,03;, Rh—SG is unlikely
to redissolve in water. Based on these predictions, Rh—SG
adsorption was conducted under photoirradiation, unlike in
our previous studies.” Also, Rh—SG is unstable under strongly
basic conditions (Figure S7), and photoirradiation was
performed under relatively mild basic conditions (pH = 10),
where Rh—SG can exist stably. Using strategy 2, the
adsorption rate of Rh—SG was successfully increased to
~95%. Figure 3i—k shows HAADF-STEM images of the
obtained photocatalyst (Rh—SG/Cr,0,/18-STO). Almost no
particles were observed on the {110} facets (Figure 3k),
whereas amorphous particles were observed on the {100}
facets (Figure 3j). The results of EDS elemental mapping
confirmed the presence of Rh in the amorphous particles
(Figure 31-p). A Rh K-edge FT-EXAFS spectra (Figure 3d)
confirmed that Rh—SG after adsorption formed Rh—O bonds
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Figure 3. Characterization of the 18-STO photocatalyst and Rh—Cr cocatalyst. Scanning electron microscopy (SEM) images of (a) 18-STO and
(b) 6-STO. (c) Transmission electron microscopy (TEM) image and size histogram of Rh—SG. (d) Rh K-edge Fourier-transform extended X-ray
absorption fine structure (FT-EXAFS) spectra and (e) Rh K-edge X-ray absorption near-edge structure (XANES) spectra of the 18-STO after each
step of F-NCD. (f) FTinfrared (FT-IR) spectra of 6- and 18-STO after adsorption of ethylene glycol (EG). (g) Powder X-ray diffraction (PXRD)
patterns and (h) diffuse-reflectance (DR) spectra of the 18-STO after each step of F-NCD. (i—k) TEM and (1) high-angle annular dark-field
scanning TEM (HAADF-STEM) images and (m—p) energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Ti—K, Sr—K, Cr—K, and
Rh-L) of Rh,_,Cr,0,/18-STO prepared by F-NCD. In (d,e), the spectra of Rh foil and Rh,0; and the standards for Rh(0) and Rh(III) are also
shown, respectively. In (f), the FT-IR spectrum of EG is also shown for comparison. Images in (j) and (I—p) were focused on the {100} facets of

18-STO. The image in (k) was focused on the {110} facets of 18-STO.

(~1.6 A) in addition to Rh—S bonds (~1.9 A). Rh K-edge
XANES spectra (Figure 3e) showed that the rising white line
at ~23,200 eV of Rh—SG after adsorption is shifted to higher
energy than that of Rh—SG before adsorption, indicating that
it is slightly oxidized based on the desorption of electron-
donating SG. These results indicate that conducting strategy 1
and 2 enabled selective and efficient Rh—SG adsorption on the
{100} facets of Cr,0,/18-STO.

The presence of organic compounds on photocatalysts
hinders reactant approach and electron transfer from the
photocatalyst to the cocatalyst, which often suppresses
photocatalytic activity.”'”** Therefore, most of the remaining
ligands (SG and EG) were removed by calcination of Rh—SG/
Cr,05/18-STO at 300 °C (Figure 2d).”""*”** Figure 3d,e,gh
shows the characterization results for the photocatalyst after
calcination at 300 °C (RhCrO,/18-STO). In the Rh K-edge

FT-EXAFS spectrum after calcination, the peak intensity of
Rh—S bonds was relatively weak, and a more distinct peak of
Rh—O bonds was observed (Figure 3d). This indicates ligand
desorption and further immobilization to 18-STO based on
Rh—S bond dissociation of Rh—SG. These characterization
results indicated that calcination at 300 °C resulted in the
desorption of remaining ligands while keeping the structure of
18-STO (Figures 3gh and S8).

In RhCrO,/18-STO, some Cr ions were highly oxidized
[>Cr(Il1)] (Figure S4c).” We reduced it to Cr** by
photoirradiation of the photocatalyst in water [Figure 2e;
Rh,_,Cr,0,/18-STO(F-NCD)]. HAADF-STEM images and
EDS elemental mapping (Figure 3i—p) confirmed that Rh and
Cr were in the same layer on the {100} facets in Rh,_,Cr,0,/
18-STO(F-NCD). This indicates that the Rh—Cr cocatalyst,
which consisted of a solid solution of Rh(III) and Cr(III)
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Figure 4. Characterization of the Rh—Cr cocatalyst prepared by F-NCD, NCD, PD, and IMP. TEM images of the cocatalyst prepared by (a,b) F-
NCD, (d,e) NCD, (gh) PD, and (jk) IMP on the (a,d,gj) {100} and (b,e,hk) {110} facets of Cr-loaded 18-STO. Histograms of the particle size
and the loading ratio on the {100} and {110} facets of 18-STO of the-cocatalysts loaded on Cr-coated 18-STO prepared by (c) F-NCD, (f) NCD,
(i) PD, and (1) IMP. 18-STO (~20 particles) prepared in each method was randomly selected to calculate the crystal facets and size of the loaded

cocatalyst.

oxides, was loaded on the {100} facets of 18-STO (Table S1
and Figures 3e and S4c).” The XPS (Figure S9) and FT-IR
spectra (Figure S10) of Rh,_,Cr,0,/18-STO(F-NCD)
revealed that photoirradiation resulted in the complete removal
of the ligands that remained on photocatalysts after
calcination.* The PXRD patterns (Figure 3g), DR spectra
(Figure 3h), and FT-IR spectra (Figure S10) of Rh,_,Cr, O,/
18-STO(F-NCD) confirmed that photoirradiation did not
affect the 18-STO.

As described below, TEM measurements revealed that the
particle size of the loaded Rh,_,Cr,O; NC cocatalysts was 1.2
+ 0.2 nm, and the selective loading ratio on the {100} facets

(the number of NC cocatalysts on the {100} facets/total
number of NC cocatalysts) was 88% (Figure 4a—c). These
results indicate that we loaded ultrafine 1.2 nm Rh,_,Cr,O,
NC cocatalysts on the H,-evolution facets of 18-STO with
high selectivity and adsorption efficiency by applying two
additional strategies to the previously reported NCD method.”
Further studies revealed that a calcination temperature of 300
°C is important to obtain highly active photocatalysts by F-
NCD (Figure S11).

Comparison of Rh—Cr Cocatalyst-Modified 18-STO
Photocatalysts Prepared by Different Methods. The
particle size, location, and electronic state of the NC
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cocatalysts in the obtained Rh,_,Cr,05/18-STO(F-NCD)
were compared with those in photocatalysts prepared by
conventional methods (Figures 4 and S12—S18). Cocatalyst-
loaded photocatalysts prepared by PD*' [Rh,_,Cr,0;/18-
STO(PD)], IMP [Rh, ,Cr,0,/18-STO(IMP)], and our
previously established NCD method”’ [Rh,_,Cr,0,/18-STO-
(NCD)], in which fine Rh,_,Cr,O; cocatalysts are randomly
loaded on 18-STO facets, were used for comparison with
Rh,_,Cr,0;/18-STO(F-NCD). 18-STO (~20 particles) pre-
pared in each method was randomly selected for TEM analysis.
The average particle size and loading facets ({100} or {110}
facets) of the loaded cocatalysts were estimated from TEM
measurements (Figures S12—S16). A representative TEM
image and a size histogram of the cocatalysts loaded on each
crystal facet are summarized in Figures 4 and S12. The
electronic structure and coordination structure of the loaded
cocatalysts were estimated from Rh K-edge XAFS (Figure S17)
and Cr K-edge XANES spectra (Figure S18).

Regarding the particle size of the cocatalysts, as discussed
earlier, the diameter of NC-cocatalysts prepared by F-NCD
was 1.2 + 0.2 nm (Figures 4a—c and S13). The NCD method
is similar to F-NCD except that it lacks additional strategies for
selective facet deposition. Therefore, the same cocatalyst
particle size (1.2 + 0.3 nm) was obtained using the NCD
method as that from the F-NCD method (Figures 4d—f and
S14). The SG ligand inhibits the aggregation of Rh—SGs on
the 18-STO surface, which likely allows both F-NCD and
NCD methods to load NC cocatalysts while maintaining its
fine size. In contrast, the particle sizes of cocatalysts loaded by
PD (Figures 4g—i and S15) and IMP (Figures 4j—I and S16)
methods were 3.7 + 3.1 and 9.0 + 8.5 nm, respectively. This
means that the NC cocatalysts loaded by F-NCD were only 32
and 13% smaller than those loaded by PD and IMP,
respectively. The particle size distribution of NC cocatalysts
loaded by F-NCD was also much narrower than those of the
cocatalysts loaded by PD and IMP methods (Figures 4c,i]l and
S12).

Regarding the location of the cocatalysts, the selective
loading ratio on the {100} facets was 57 and $9% for IMP
(Figure 41) and NCD (Figure 4f) methods, respectively. The
slightly higher selectivity for {100} facets over {110} facets was
ascribed to the different surface areas of {100} and {110}
facets in 18-STO (1.83 x 10* and 125 X 10* nm,’
respectively). These results indicate that IMP and NCD
methods load cocatalyst nonselectively on the crystalline facets.
Conversely, F-NCD (Figure 4c) and PD (Figure S4i) methods
loaded cocatalysts on the {100} facets of 18-STO with high
selectivities of 88 and 97%, respectively. During the PD
method, the Rh-based cocatalyst can be selectively loaded on
the facets where excited electrons reach (i.e., the {100} facets
of 18-STO),”" because only Rh ions adsorbed on the {100}
facets are photoreduced. In the case of the F-NCD method,
facet selectivity was improved by strategy 1 and 2 described
above. The present results demonstrate that the F-NCD
method can also load NC cocatalysts on target crystal facets
with high selective loading rates close to those achieved by the
PD method.

Both Rh K-edge XANES (Figure S17a) and Cr K-edge
XANES spectra (Figure S18) showed that the electronic
structures of Rh and Cr in the cocatalysts loaded by different
methods were almost similar. The loaded cocatalysts had stable
oxidation states (Rh** and Cr’*), indicating that the loading
method did not strongly affect the electronic states of the
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weights of Rh and Cr were 0.1 and 0.2 wt %, respectively.

cocatalysts. Furthermore, Rh K-edge EXAFS measurements
indicated the absence of Rh—Rh or Rh—S bonds in the
cocatalysts prepared by all methods (Figure S17b,c). This
suggests that the coordination structure of the Rh is similar and
is predominantly based on Rh—O bonds (Table S1).

Performance of Photocatalysts in Overall Water
Splitting. The photocatalytic water-splitting activity of
Rh,_,Cr,0,/18-STO(F-NCD) with different loading amounts
of Cr and Rh was measured. The highest activity was obtained
when the loading weights of Cr and Rh were 0.2 and 0.1 wt %,
respectively (Figure S19). The photocatalyst prepared by the
optimized F-NCD method showed water-splitting activity that
was 2.6 and 14 times higher than that of photocatalysts
prepared by PD and IMP methods, respectively (Figure S).
Here, even with shorter light irradiation times and fewer
cocatalyst precursors in the conventional PD method to make
finer cocatalysts, higher activity could not be achieved
compared with the F-NCD method (Figure S20). In addition,
the water-splitting activity of Rh,_,Cr,0,/18-STO(F-NCD)
was 1.5 times higher than that of the photocatalyst prepared by
the conventional NCD method (Figure S).

To clarify the origin of the high activity of the photocatalyst
prepared by F-NCD, we investigated the applied-voltage
dependence of the photoresponse of photocatalysts by using
photoelectrodes (Figure 6a). The negative current arising from
H, evolution increased with the applied negative potential, and
this current further increased under photoirradiation. This
indicates that H, evolution occurred by electrons generated by
photoexcitation to the conduction band of 18-STO. Addition-
ally, the order of photocurrent density was consistent with that
of photocatalytic water-splitting activity [Rh,_,Cr,0,/18-
STO(F-NCD) > Rh,_,Cr,0,/18-STO(NCD) >
Rh,_,Cr,0,/18-STO(PD) > Rh,_,Cr,0,/18-STO(IMP); Fig-
ure 6a]. Impedance measurements confirmed that the
cocatalyst loading did not affect the conductivity of 18-STO
(Figure 6b). The fact that a low loading (0.1 wt %) of a fine
cocatalyst (size: 1.2 nm) on a large size of 18-STO (size: ~200
nm) does not affect its conductivity is a convincing result.*’
These results indicate that in Rh,_ Cr,0,/18-STO(E-NCD),
water reduction is promoted on the surface of the cocatalyst
because of the fine particle size with a large specific surface area
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Figure 6. Photocatalytic properties of different photocatalysts. (a) Photocurrent responses of Rh—Cr cocatalyst-loaded 18-STO fabricated by
different methods and (b) electrochemical impedance spectra of 18-STO and Rh,_,Cr,05/18-STO(F-NCD). (c) Time dependence of the water-
splitting activity of Rh,_,Cr,0;/18-STO(F-NCD). (d,e) Overall water-splitting activities of photocatalysts with Rh—Cr or Au—Cr cocatalysts

prepared by F-NCD and PD.

and their facet-selective loading, leading to particularly high
water-splitting activity.

The importance of facet-selective loading of cocatalysts was
confirmed by comparing the water-splitting activities of the
photocatalysts prepared by the F-NCD and NCD methods. In
both photocatalysts, the amount of material loaded, particle
size, and dispersity of the cocatalyst are almost the same.
However, the selective loading ratio of NC-cocatalysts on the
{100} facets in the photocatalyst prepared by the F-NCD
method (88%) is approximately 1.5 times higher than that of
the photocatalyst prepared by the NCD method (59%). This
ratio is in good agreement with the activity ratio of the former
to the latter, which is also 1.5, indicating a roughly linear
proportional relationship between the crystal face selectivity
and activity of the cocatalyst (Figure S). As previously
discussed, the water-splitting activity of the F-NCD method
was 2.6 times higher than that of the PD method. Although the
PD method exhibits slightly higher crystal facet selectivity
compared to the F-NCD method (97% vs 88%), applying the
activity enhancement effect of these crystal facet selectivities to
the previously described linear proportional relationship, the
activity enhancement due to the miniaturization of the
cocatalyst is estimated to be about 2.9 times. This suggests
that the impact of miniaturization (2.9-fold increase) plays a
more significant role in enhancing activity than the effect of

crystal facet selectivity (1.5-fold increase). From these findings,
it was confirmed that facet-selective loading of ultrafine
cocatalysts is important for achieving high water-splitting
activity and the F-NCD method is an effective approach.

We estimated that the AQY of photocatalytic water splitting
for Rh,_,Cr,0;/18-STO(F-NCD) was 2.14% at 350 nm,
which is the highest reported to date of STO synthesized by
hydrothermal synthesis (Table S2). Additionally, after 12 h of
photoirradiation, H, and O, were still generated at
stoichiometric ratios, and the generation rate was approx-
imately maintained (Figure 6c). No aggregation of the
Rh,_,Cr,O; cocatalyst was observed after 12 h of photo-
irradiation, with the particle size maintained at 1.2 & 0.3 nm,
and no change of PXRD pattern based on 18-STO (Figure
S21). However, a slight decrease in activity was observed,
attributed to Cr elution, as detected by ICP-MS measurements
(Figure S22). Furthermore, considering practical applications,
we attempted a longer-term durability test. Measurements
were carried out for 8 days, assuming approximately 8 h of
sunlight exposure per day. As a result, the decrease in activity
slowed after approximately 4 days of the activity test because
the Cr elution reached a steady state (Figure S23).

Additionally, the results indicated that the codeposition of
cobalt oxide (CoO,) as an oxygen evolution reaction (OER)
catalyst to Rh, ,Cr,0;/18-STO(F-NCD) exhibited higher
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activity compared to when both HER and OER cocatalysts
were codeposited using the PD method (Figure $24). Overall,
the F-NCD method provided a photocatalyst with both high
activity and high stability.

Versatility of F-NCD. We also investigated the applicability
of F-NCD to another photocatalyst with specific exposed
crystalline facets, BaLa,Ti,O;s,"® which exhibits a high water-
splitting activity. The results showed that the Rh—Cr
cocatalyst-loaded BaLa,Ti,O,5 prepared by the F-NCD
method [Rh,_ .Cr,0;/BaLa,Ti,O,s(F-NCD)] exhibited
water-splitting activity that was 1.6 times higher than that of
Rh—Cr cocatalyst-loaded BaLa,Ti,O,5 prepared by the PD
method [Rh,_,Cr,0,/BaLa,Ti,O,5(PD)] and 1.2 times higher
than that of Rh—Cr cocatalyst-loaded BaLa,Ti,O,s prepared
by NCD [Rh,_,Cr,0,/BaLa,Ti,0,5(NCD)]’ (Figures 6d and
S25a). We also used NCs composed of other metals as
cocatalyst precursors. When SG-protected Au,s clusters
[Au,5(SG)g; Au = gold; Figure S26] were used as cocatalyst
precursors, the photocatalyst prepared by the F-NCD method
[Au,5—Cr,0;/18-STO(F-NCD)] exhibited higher water-split-
ting activity than that of the corresponding photocatalyst
prepared by the PD and NCD method [Au—Cr,0,/18-
STO(PD) and Au,s—Cr,0;/18-STO(NCD)] (Figures 6e and
S25b). These results demonstrate that F-NCD is an effective
approach to enhance the activity of various advanced
photocatalysts.

B CONCLUSIONS

The activity of water-splitting photocatalysts can be substan-
tially increased by using ultrafine NC cocatalysts with a particle
size of ~1 nm. However, a facet-selective loading method for
such fine cocatalyst particles on photocatalysts has not been
established. In this study, we synthesized fine Rh—SG
complexes as a cocatalyst precursor. Then, we selectively
loaded 1.2 nm Rh,_,Cr,O; NC cocatalysts on the H,-evolution
facets of 18-STO using two strategies: (1) suppressing Rh—SG
adsorption on the O,-evolution facets by protecting these
facets with EG and (2) promoting Rh—SG adsorption on the
H,-evolution facets via photoinduced ligand desorption. The
photocatalyst obtained using this developed F-NCD method
achieved the highest AQY to date for a STO prepared by
hydrothermal synthesis. We also confirmed that the F-NCD
method can be applied to various photocatalysts and NCs.
Doping STO with different metals can further enhance its
activity® and make it responsive to visible light."”” We expect
that numerous water-splitting photocatalysts with high solar-
to-H, conversion efficiency can be developed by combining
advanced photocatalysts’>" with the F-NCD method and
contribute to achieving carbon neutrality. In addition to these
studies, it is necessary to develop more effective and durable
materials for preventing the reverse reaction.

B EXPERIMENTAL SECTION

Preparation of Rh,_,Cr,05/18-STO(F-NCD). First, 18-STO
(250 mg) and ultrapure water (350 mL) were added to an internally
irradiated reaction vessel to which an appropriate amount of K,CrO,,
solution was added. After being degassed for 1 h under an argon gas
flow at 30 mL min~', the suspension was irradiated with a 400 W
mercury lamp for 1.5 h at 15 °C. The Cr,0;/18-STO powder was
obtained by centrifugation. Cr,0,/18-STO (200 mg) and ultrapure
water (120 mL) were added to a Pyrex glass irradiation cell and
dispersed by sonication. EG (1.0 g) was added, and then the pH of
the suspension was adjusted to 10 using sodium hydroxide. After the
appropriate aqueous Rh—SG solution was added with stirring, the

sample was irradiated with a 300 W xenon lamp (4 > 200 nm) for 45
min. The Rh—SG/Cr,05/18-STO powder was collected by
centrifugation and dried. Rh—SG/Cr,0;/18-STO was calcined at
300 °C under reduced pressure (~2.0 X 107' Pa) and then
photoirradiated using a 400 W mercury lamp to give Rh,_,Cr,O,/18-
STO(F-NCD) (Figure S2).
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B ABBREVIATIONS

H, hydrogen

PD photodeposition

IMP impregnation

NCs nanoclusters

NCD nanocluster deposition

0, oxygen

F-NCD facet-selective nanocluster
deposition

Rh rhodium

Rh—Cr Rh,_,Cr, O,

AQY apparent quantum yield

STO strontium titanate

18-STO 18-facets STO

6-STO 6-facets STO

PXRD powder X-ray diffraction

SG glutathione

Rh—-SG SG-protected Rh complexes

UV—vis ultraviolet—visible

TEM transmission electron micros-
copy

Cr,04 chromium oxide

Cr,0,/18-STO Cr,0; layer was loaded on the

{100} facets of 18-STO

HAADEF-STEM high-angle annular dark-field
scanning TEM

EDS energy-dispersive X-ray spec-
troscopy

XANES X-ray absorption near-edge
structure

EG ethylene glycol

FT-IR Fourier-transform infrared

EXAFS extended X-ray absorption
fine structure
Rh—SG/Cr,05/18-STO cal-
cined at 300 °C
Rh,_,Cr,0,/18-STO(F-NCD) cocatalyst-loaded photocata-
lysts prepared by F-NCD
cocatalyst-loaded photocata-
lysts prepared by PD
cocatalyst-loaded photocata-
lysts prepared by IMP
cocatalyst-loaded photocata-
lysts prepared by NCD

Au gold

Au,(SG) 5 SG-protected Au,s clusters;
Au,s/Cr,0;/18-STO(F-
NCD) Au,5(SG),5 was used
as cocatalyst precursors, and
the photocatalyst was pre-
pared by the F-NCD method
Au,,(SG),5 was used as coca-
talyst precursors, and the
photocatalyst was prepared
by the PD method
Au,s(SG),5 was used as coca-
talyst precursors, and the
photocatalyst was prepared
by the NCD method

RhCrO,/18-STO

Rh,_,Cr,0,/18-STO(PD)
Rh,_,Cr,0,/18-STO(IMP)

Rh,_,Cr,0,/18-STO(NCD)

Au,/Cr,0,/18-STO(PD)

Au,,/Cr,0,/18-STO(NCD)
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