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Activation of hydrogen-evolution reactivity in an Rh-doped
SrTiO5 photocatalyst under visible-light irradiation by
loading with controlled platinum nanoclusters

Rhodium-doped strontium titanate (SrTiO4:Rh)-based
photocatalysts have long been studied because they can
produce hydrogen (H,) from abundant visible light and water
in Z-scheme water-splitting systems. Further improvement
of the H,-evolution reaction (HER) activity of SrTiO5:Rh is
desired to enhance Z-scheme water splitting. In this study,
we established the synthesis method of hydrophilic ~1 nm
platinum nanoclusters (Pt NCs) using a ligand-exchange
method while maintaining the geometric structure, and
loaded method the Pt NCs onto SrTiO5:Rh. The Pt
NC-loaded SrTiO5:Rh exhibited HER activity that is 30%
higher than the Pt cocatalyst-loaded SrTiO;:Rh prepared
using the conventional photodeposition method.
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Activation of hydrogen-evolution reactivity in an
Rh-doped SrTiOz; photocatalyst under visible-light
irradiation by loading with controlled platinum
nanoclusterst
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Rhodium-doped strontium titanate (SrTiOz:Rh)-based photocatalysts have long been studied because
they can produce hydrogen (H,) from visible light and water in Z-scheme water-splitting systems.
However, the H,-evolution reaction (HER) of SrTiOs:Rh is the rate-limiting step in such a system, so
further improvement of the HER activity of SrTiOs:Rh is desired to enhance Z-scheme water splitting. In
this study, we synthesize hydrophilic ~1 nm platinum nanoclusters (Pt NCs) using a ligand-exchange
method while maintaining the geometric structure of the corresponding hydrophobic ~1 nm Pt NC,
and we load the monodispersed Pt NCs onto SrTiOz:Rh. The Pt NC-loaded SrTiOs:Rh exhibits HER
activity that is 30% higher than that of the Pt cocatalyst-loaded SrTiOsz:Rh prepared using the
conventional photodeposition method. This work also demonstrates that Z-scheme water splitting
proceeds stoichiometrically using the Pt NC-loaded SrTiOs:Rh as the H,-evolution photocatalyst,

rsc.li/energy-advances

1. Introduction

The improvement of water-splitting photocatalysts that can
produce hydrogen (H,) from water and sunlight may greatly
contribute to the establishment of next-generation sustainable
energy systems.' In recent years, researchers have actively
pursued the development of photocatalysts that can respond
to visible light, which accounts for approximately 40% of the
solar energy spectrum.” In particular, rhodium-doped stron-
tium titanate® (SrTiO;:Rh; i.e., STO:Rh) is known as a visible-
light-driven photocatalyst that exhibits remarkable activity in
the Hy-evolution reaction (HER). The visible-light absorption of
STO:Rh is attributed to a transition from the electron donor
level formed by Rh** to the conduction band consisting of Ti 3d
orbitals. This allows the STO:Rh to absorb visible light up to a
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bismuth vanadate as an oxygen-evolution photocatalyst, and Fe2* as a mediator.

wavelength of ~ 520 nm, enabling H, production by water splitting
using not only ultra-violet light but also visible light.>™® For
example, lanthanum (La) and Rh co-doped SrTiO; (STO:La/
Rh”®") which prevents Rh*" substitution at Ti*" sites, has
achieved a quantum yield of 33% at visible light region and a solar-
to-H, efficiency of > 1% with the use of photocatalytic sheets."

Notably, STO:Rh-based H,-evolution photocatalysts (HEPs)
can achieve water splitting under visible light when combined with
oxygen (O,)-evolution photocatalysts (OEPs) to form a Z-scheme
system (Fig. 1A)."°™® For the construction of Z-scheme systems,
STO:Rh-based HEP has been combined with OEPs such as TiO,-
rutile,'® BivVO,,>'%"*'>1920 rTi0;:Rh/Sb,>" AgNbO;,"° Bi,M0Og,"°
TiO,:Cr/Sb,'® TiO,:Rh/Sb,'® WO,,'**° Ta;N;,** Bi,NbOgCl,>*>*
Lay 5STo.5Ta0,5Tios0-N,> etc. However, in numerous reports of
Z-scheme water splitting using STO:Rh-based HEP, the HER is
the rate-limiting step that suppresses the water-splitting activity.
Thus, further improvement of the HER activities of STO:Rh-based
HEP is desired to enhance the activity of various Z-scheme water-
splittings.>**

The water-splitting photocatalyst is generally composed of a
photocatalyst support and metal/metal oxide nanoparticles (NPs)
that function as cocatalysts. In the development of highly active
photocatalysts, not only the improvement of the photocatalyst
support but also the improvement of the cocatalyst, which works
as the actual reaction site, is necessary. The cocatalysts are mainly
loaded using the photodeposition*® (PD, Fig. 1Ba) and impregnation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations of (A) Z-scheme photocatalytic water split-
ting and (B) the preparation procedure of cocatalysts on the photocatalysts
using the (a) conventional PD method and (b) NCD method. In (A), CB,
conduction band; VB, valence band; Eg, band gap; Red, reductants; and
Ox, oxidants. STO:Rh is one of the most advanced HEP. The improvement
in water-splitting activity can be expected by enhancing the reaction in
HEPs, which is the rate-limiting step.

methods.”” Although these methods are simple, it is difficult to
control the particle size and electronic state of the cocatalyst
particles. Therefore, the improvement of cocatalyst-loading
methods?®*7? has also been actively studied to enhance water-
splitting activity. In particular, the method**~*° of loading metal
NPs with controlled size and chemical composition, which are
prepared by liquid-phase synthesis, onto a photocatalyst is
effective in controlling the particle size and electronic state of
the cocatalyst.>”~*" Furthermore, metal nanoclusters (NCs) with
diameters of ~1 nm have unique properties compared with
those of metal NPs (diameters > ~2 nm) and bulk metals. The
NC deposition (NCD, Fig. 1Bb) method, which exploits the
unique characteristics of metal NCs, can create a cocatalyst
surface that is more favorable for the adsorption of the substrate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the desorption of the products, resulting in enhanced
activity in the water-splitting reaction. The use of atomically
precise gold (Au) NCs,***** ~1 nm Au-platinum (Pt) alloy
NCs,** rhodium-chromium mixed oxide (Rh,_,Cr,0,) NCs,* Pt _5;
NCs,*® ~1.4 nm Pt-ruthenium (PtRu),”” and Au NCs"® as cocata-
lysts has led to improved water-splitting and HER activity.

In this study, we attempted to further improve the HER
activity of STO:Rh by employing fine Pt NCs as a cocatalyst. To
this end, we established a method to load Pt NCs on STO:Rh,
which has a hydrophilic surface, with a high adsorption yield by
applying an appropriate hydrophilic treatment to the Pt NCs. As
a result, the H,-evolution efficiency of STO:Rh was increased by
30% compared with that of the Pt-cocatalyst-loaded STO:Rh
prepared using the conventional PD method. Additionally,
stoichiometric overall water splitting was successfully achieved
using Pt NC-loaded STO:Rh as the HEP in Z-scheme water
splitting.

2. Results and discussion

2.1. Preparation of Pt NC-loaded SrTiO;:Rh

The STO:Rh was prepared by solid-state reaction with 1 mol%
of Rh doping, according to a previous report.” The Brunauer-
Emmett-Teller surface area of STO:Rh (Fig. S1, ESIf) was
estimated to be 2.5 m*> g~ ' (Table S1, ESIt) and powder X-ray
diffraction (PXRD) indicated relatively high crystallinity of the
product (Fig. S2, ESIt). The strong visible-light absorption was
confirmed by ultraviolet-visible (UV-Vis) absorption spectro-
scopy. These results confirmed that the desired STO:Rh was
obtained (Fig. S2, ESIY).

The Pt 5; NC protected by 2-phenylethanethiolate (PET) and
carbon monoxide (CO) (Pt . 51(PET),(CO),,) was synthesized by
combining polyol reduction with ligand exchange, similar to our
previous report.*® Unfortunately, the obtained Pt _ 5;(PET),(CO),,
cannot efficiently adsorb on the hydrophilic surface of STO:Rh
because the PET ligands are hydrophobic. Therefore, parts of the
ligands on the Pt NCs were replaced by p-mercaptobenzoic acid
(p-MBA), which has a hydrophilic carboxylic acid group but a
similar framework structure to PET.** Fourier transform infrared
(FT-IR) spectra were obtained before and after ligand exchange
(Table S2, ESIt), as shown in Fig. S3a (ESIt). The spectra of these
modified NCs after ligand exchange showed peaks attributed to
the C-OH stretching and O-H- - -O bending vibrations in p-MBA
(1427.1, 1326.8, and 927.6 cm ™ *),°° which confirmed that ligand
exchange proceeded. No significant changes occurred in the
matrix-assisted laser desorption ionization mass (MALDI-MS)
spectra (Fig. S3b, ESIt), UV-Vis absorption spectra (Fig. S3c, ESIT),
Pt L;-edge X-ray absorption near edge structure (XANES) spectra
(Fig. S5a, ESIt), or Fourier transform-extended X-ray absorption
fine structure (FT-EXAFS) spectra (Fig. S5b, ESIt) before and after
ligand exchange. These results suggest that many ligands were
replaced from PET to p-MBA while maintaining the structure of
the Pt NCs. The Pt NCs obtained by ligand exchange
(Pt 51(PET),(CO),,(p-MBA);) showed high solubility in polar sol-
vents such as methanol and acetone (Fig. S4 and Table S3, ESIt).
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However, they were not soluble in water, which is a highly polar
solvent, indicating that not all PET ligands were replaced by p-
MBA, and some PET ligands remained on the surfaces of the
Pt NCs.

The obtained Pt_5;(PET),(CO),(p-MBA); was dispersed in
tetrahydrofuran and stirred with STO:Rh for 3 h to adsorb on
the STO:Rh surface. A 96% adsorption yield was achieved,
which is higher than that of Pt NCs without ligand exchange
(Pt . 5:(PET),(CO),y 73%), due to the formation of hydrogen
bonds between the carboxylic acid group (-COOH) of the p-MBA
ligands on Pt._s;(PET),(CO),,(p-MBA); and the hydroxyl group
(~OH) on STO:Rh.**** However, the presence of ligands sup-
presses the accessibility of a substance and the efficiency of
electron transfer from the photocatalysts to the NCs, which leads
to a decrease in catalytic activity. Therefore, the obtained Pt_5;-
(PET),(CO),(p-MBA)loaded STO:Rh (Pt 5(PET),(CO),(p-MBA)/
STO:Rh) was calcined at 300 °C under reduced pressure to remove
most of the ligands from the Pt NC surface (Ptnc/STO:Rh). The
calcination temperature (300 °C) was determined based on the
desorption temperature of the ligands in the thermogravimetric
analysis of Pt NCs.*

Fig. 2 shows the Pt L;-edge FT-EXAFS spectra of Pt NC and Pt
NC-loaded STO:Rh in each preparation process (Fig. S6, ESIT).
The peak located at approximately 2.0 A, which is attributed to
the Pt-S bond, was observed in both Pt _5;(PET),(CO),,(p-MBA),
and Pt._5,(PET),(CO),,(p-MBA)/STO:Rh. In the spectrum of
Ptnc/STO:Rh, the Pt-S bond was not observed, and instead, a
peak (~ 1.8 A) attributed to the Pt-O bond was observed (Fig. 2).
This suggests that most of the S species in the ligands were
desorbed from Pt NC by the calcination process through Pt-S
dissociation. The S 2p3/, X-ray photoelectron spectroscopy (XPS)
spectrum of Ptyc/STO:Rh (Fig. S7, ESIt) shows a peak attrib-
uted to a S species in a highly oxidized state. These results
indicate that most of the S remains on STO:Rh after desorption

Pt-S

Pt foil

PtO,)

Pt.s1(PET),(CO)m(p-MBA),

FT of k3X 1 k

Pt_s4(PET),(CO),,(p-MBA)/STO:Rh
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Is I Pty/STO:Rh-light
I I I I

0 1 2 3 4 5 6

riA

Fig. 2 Pt Ls-edge FT-EXAFS spectra of Pt_s1(PET),(CO)(p-MBA), before
(Pt - 51(PET),(CO)mp-MBA),/STO:Rh) and after (Ptyc/STO:Rh) calcination of
Pt NC-loaded STO:Rh, and after light irradiation of Ptnyc/STO:Rh (Ptnc/
STO:Rh-light). Pt foil and PtO, powder are also shown for comparison.
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Fig. 3 TEM images and resulting histograms (inset) for the particle-size
distribution of Pt cocatalysts in (a) Ptye/STO:Rh and (b) Ptpp/STO:Rh.

from Pt NC surfaces, mainly as SO,>~ (Fig. S7, ESIT).*® Trans-
mission electron microscopy (TEM) images (Fig. 3a) indicated
that the average particle size of the Pt NC cocatalyst (Ptyc) in
Ptne/STO:Rh was 1.5 4+ 0.3 nm. This indicates that there was
effectively no significant aggregation of Pt_s; during calcina-
tion and it was presumed that 92.8% of Pt_5; on Ptyc/STO:Rh
has a three-dimensional structure after the calcination (Fig. S8
and S9, ESIY). Therefore, fine and monodispersed Pt NCs were
loaded on STO:Rh (Fig. 3a).

We also used the PD method to load a Pt cocatalyst (Ptpp) on
STO:Rh (Ptpp/STO:Rh). As a result, Ptpp, with an average particle
size of 2.8 £+ 0.6 nm was loaded on STO:Rh (Fig. 3b). This indicates
that Pt cocatalysts with high monodispersity but about half the
particle size can be obtained using our method (Ptnc/STO:Rh)
compared with the PD method (Ptp/STO:Rh). Assuming that the
loaded Ptyc and Ptpp, have a face-centered cubic structure, Ptyc
was estimated to have 1.58 times more active sites (i.e., Pt atoms
on the surfaces of Pt cocatalysts) than Ptpp, (Table S4, ESIT).

The obtained Pty in Ptyc/STO:Rh was more oxidized than
that in Pt_s;(PET),(CO),(p-MBA), and Pt_s;(PET),(CO),-
(p-MBA),/STO:Rh (Fig. 2 and 4). This means that oxidation of
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Fig. 4 Pt Lz-edge XANES spectra of Pt_s(PET),(CO),(p-MBA), before
(Pt « 51(PET),(CO)mp-MBA),/STO:Rh) and after (Ptyc/STO:Rh) calcination of
Pt NC-loaded STO:Rh, and after light irradiation onto Ptyc/STO:Rh (Ptyc/
STO:Rh-light). Pt foil (Pt°) and PtO, powder (Pt**) were also shown for
comparison. A stronger and weaker absorbance indicates a more oxidized
and reduced electronic state of Pt at the whiteline, respectively.
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the Pt NCs occurred during calcination. Therefore, we attempted
to reduce Ptyc with photoexcited electrons produced by irradiating
the Ptyo/STO:Rh dispersed in water (Ptyc/STO:Rh-light). As a
result, Ptyc was significantly reduced and a strong Pt-Pt bond
was observed (Fig. 2 and 4). Accordingly, the peaks attributed to
the S species were significantly decreased in the S 2pz, XPS
spectrum of Ptyc/STO:Rh-light compared with Ptyc/STO:Rh before
light irradiation (Fig. S7, ESIT). This means that SO,>~ and other
residues on the STO:Rh surface were removed by washing or
oxidative desorption after photoirradiation in water. The PXRD
patterns, Rh K-edge XANES spectra, FT-IR spectra, and scanning
electron microscopy images of the samples (Fig. S1, S2, and S10,
ESIT) confirmed that no change occurred in the STO:Rh during the
series of operations required for this Pt NC-loading even except
for only a charge state of Rh. The slightly oxidized electronic
state of Rh by the calcination process was reduced by light
irradiation (Fig. S11, ESIt). From these results, we concluded
that Pt NCs with metallic electronic states were successfully
loaded on STO:Rh with relatively fine and monodispersed
particle sizes.

2.2. H,-evolution activity of Pt NC-loaded SrTiO;:Rh

Next, we evaluated the photocatalytic activity of Ptyc/STO:Rh.
To estimate the function of Ptyc as an HER cocatalyst more
accurately, H,-evolution activity was evaluated in a half-reaction
with methanol as a hole sacrificial agent (Fig. S12, ESIt). For
comparison, the same measurements were performed for Ptpp/
STO:Rh.

First, we investigated the effect of ligand removal by calcination
on H,-evolution activity (Fig. 5a). From the comparison with Ptyc/
STO:Rh before and after calcination, we confirmed that the H,-
evolution activity increased by ~80 times after the calcination
treatment. The removal of ligands from the Ptyc surface contri-
butes to this improvement by making it easier for protons to
approach the Pty cocatalyst and enhancing electron transfer from
STO:Rh to the Ptyc cocatalyst. For comparison, H,-evolution
activity was also measured for Ptpp/STO:Rh, in which the Pt
cocatalyst was loaded on STO:Rh pre-calcined at 300 °C using
the PD method. As a result, almost no change in the activity of
Ptpp/STO:Rh was observed (Fig. S13, ESIt). This indicates that the
calcination treatment did not affect the activity of the photocatalyst
support (ie., STO:Rh), and the increase in activity is mainly
attributed to the removal of ligands from the surface of the Ptyc
cocatalyst.

Next, we investigated the effect of the amount of Pt loading
on activity (Fig. 5b). The results showed that the maximum
activity was obtained at a loading of 0.4 wt% Pt. Comparing the
Hy-evolution activity of Ptyc/STO:Rh and Ptpp/STO:Rh when
they were both loaded using 0.4 wt% Pt, Ptyc/STO:Rh showed
30% higher H,-evolution rate than Ptpp/STO:Rh (Fig. 5¢ and
Fig. S14, ESIt). Considering the results of the Pt L;-edge XANES
analysis, there is no significant difference in the electronic state
of the Pt cocatalyst between Ptyc/STO:Rh and Ptpp/STO:Rh (Fig.
S15, ESIT). This suggests that the difference in activity between
Ptnc/STO:Rh and Ptpp/STO:Rh is mainly due to the increase in
the number of active sites for the reaction, which was enabled

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 H,-evolution activity of Pt cocatalyst-loaded STO:Rh photocata-
lysts. (a) Before (Pt_si(PET),(CO)n(p-MBA)/STO:Rh) and after (Ptyc/
STO:Rh) calcination of Pt NC-loaded STO:Rh and (b) dependence of
loading weight of the Pt cocatalyst for Ptyc/STO:Rh. (c) Comparison of
H,-evolution activity between Ptyc/STO:Rh and Ptpp/STO:Rh. In (a) and
(c), the loading weight of Pt on them was 0.4 wt%. In order to eliminate the
effect of the difference in the activity of each photocatalyst, STO:Rh
synthesized in the same batch was used in each experiment (a)-(c).

by decreasing the size of the Pt cocatalyst (Table S4, ESIt). To
eliminate the dependence of a hole sacrificial agent, we eval-
uated H,-evolution activity using FeCl,. The Ptyc/STO:Rh shows
higher activity than Ptpp/STO:Rh and it was indicated that FeCl,

Energy Adv., 2023, 2, 1148-1154 | 1151
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Fig. 6 Time course of water-splitting activity for the Ptyc/STO:Rh-BiVO,
composite Z-scheme system using FeCl, as a mediator. Light source: a
300 W Xe lamp with a long-pass filter (> ~410 nm), catalyst: 100 mg for
each catalyst, reactant solution: 120 mL of 2 mmol L™ FeCl, in H,SOy, aq.
(pH 2.4), reaction cell: a top-window reaction cell.

works as a mediator for Z-scheme water splitting (Fig. S16,
ESIY).

Finally, we attempted Z-scheme water splitting using Ptyc/
STO:Rh. In this experiment, Ptyc/STO:Rh was used as the HEP,
BiVO, as the OEP, and Fe®" or Fe*" as a mediator.>'**'"? First,
the water-splitting activity obtained using Fe’" is shown in
Fig. S17 (ESIt). In this case, O, was produced in excess and
stoichiometric H, and O, evolution was not observed (H,: O,
ratio = 1.65 at 16 h light irradiation). This suggests that excess
Fe* prevented H, evolution in Ptyc/STO:Rh. Next, we evaluated
the water-splitting activity using Fe®* as a mediator (Fig. 6).
After a slight induction period, stoichiometric H, and O,
evolution was observed (H,:0, ratio = 1.99 at 16 h light
irradiation). In this case, stable gas evolution was observed
even after 16 h of light irradiation, indicating that Ptyc/STO:Rh
is highly stable. Thus, when Ptyc/STO:Rh is used for the HEP,
stoichiometric Z-scheme water splitting can stably proceed
when Fe®' is used as a mediator. It has been reported that
the Fe®" chemical species generated by the addition of FeCl,
in sulfuric acid solutions adsorbs on the surface of the Pt
cocatalyst, preventing (1) the formation of dissociative
adsorbed H, on the Pt cocatalyst, (2) the reverse reaction from
H, to H,0, and (3) minor reactions in which Fe** is reduced by
H, (Fig. S18, ESIf).">** Although there was no significant
difference between the electronic structures of Ptyc and Ptpp,
because the number of Pt atoms constituting the Pty and Ptpp
cocatalysts is different, it is assumed that there is a difference
in the geometric structure of the Pt cocatalysts. The adsorption
of Fe*" chemical species on the surface of the Ptyc is likely
more inhibited than that on the Ptpp, because of the difference
in the geometric structure. Therefore, using Ptyc/STO:Rh as the
HEP might decrease the production of H, when the mediator is
Fe**. Unfortunately, no significant improvement in H, produc-
tion was observed with Ptyc/STO:Rh-BiVO, compared with
Ptpp/STO:Rh-BiVO, in an overall water splitting using Fe**
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due to probably the high reactivity of Ptyc/STO:Rh in terms of
the side reactions and reverse reactions in the overall water-
splitting reaction. Therefore, it is necessary to search for
conditions for Z-scheme water-splitting suitable for the evalua-
tion of the Ptyc/STO:Rh-BiVO, as well as in the case of the Ptpp/
STO:Rh-BivO,."

Conclusions

In this study, we loaded Pt cocatalysts with a fine particle size of
1.5 nm onto STO:Rh, which is a promising visible-light-driven
photocatalyst, using pre-synthesized hydrophilic Pt .5, NCs as a
precursor. The novel Ptyc/STO:Rh-light photocatalyst exhibited
30% higher H,-evolution activity than Ptpp/STO:Rh. This
improvement was mainly attributed to the increase in active
sites when using finer Pt particles. Furthermore, by using the
appropriate mediator, the Z-scheme water splitting proceeded
stoichiometrically using Ptyxc/STO:Rh as the HEP. Although
STO:Rh has been frequently used as the HEP in Z-scheme water
splitting, the reaction on STO:Rh is the rate-limiting step in
most cases. The method developed in this report for increasing
the activity of STO:Rh may lead to further improvements in the
performance of novel visible-light-driven Z-scheme water-
splitting systems.
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