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Abstract: Water-splitting photocatalysts have attracted much attention for decades as materials to produce clean 
and renewable hydrogen (H2) as a fuel. In this study, we succeeded in precisely loading ultrafine gold cocatalyst 
particles (Au25 clusters) on the water-splitting photocatalyst SrTiO3 using glutathionate-protected Au25 clusters 
as a precursor. Photocatalysis experiments using the obtained photocatalyst revealed that the ultra-
miniaturization of the Au cocatalyst on SrTiO3 improves its water-splitting activity. The main reason for this 
improvement was attributed to the acceleration of the H2-evolution reaction caused by the ultra-miniaturization 
of the cocatalyst. This effect of refining the cocatalyst differs from that of Au-loaded BaLa4Ti4O15. These results 
demonstrate that the effect of ultra-miniaturization of the cocatalyst on photocatalytic activity varies depending 
on the photocatalyst.  
Keywords: water-splitting photocatalyst; gold cocatalyst; SrTiO3; water-splitting activity; BaLa4Ti4O15 

1. Introduction

Efficient use of energy resources and global environmental conservation are major tasks imposed on
humanity that require urgent attention. Hydrogen (H2) can be stored, transported, and releases a large amount of 
energy when combusted. In addition, it can be converted to electric power via a fuel cell. Furthermore, only 
water (H2O) remains after combustion, which means that energy-release from H2 does not impose any 
environmental burden. These characteristics make H2 promising as a new energy source to solve energy and 
environmental problems. 

At present, most H2 is manufactured by refining fossil resources. In these methods, in addition to consuming 
fossil-fuel resources, carbon dioxide is produced as a by-product. Therefore, continuing to manufacture H2 by 
refining fossil fuels does not lead to solutions to both energy and environmental problems. In contrast, the water-
splitting photocatalytic reaction that generates H2 from H2O using solar energy (sunlight) can generate H2 as 
truly clean and renewable energy.[1] Therefore, water-splitting photocatalysts (Scheme 1(a)) have attracted much 
attention for many years.[2–15] However, further improvements are needed to make these photocatalysts suitable 
for practical use. 

Recent studies demonstrated that control of the active site (supported metal nanocluster; Scheme 1(a)) is an 
effective way to achieve highly active water-splitting semiconductor photocatalysts.[2,7,8] This control may be 
accomplished using ligand-protected metal nanoclusters[16–39] as precursors.[37–39] In this approach, size-

Scheme 1. (a) Schematic of photocatalytic water splitting using a one-step photoexcitation system. CB, 
conduction band; VB, valence band; Eg, band gap. (b) Schematic of the method used to load highly 
regulated metal clusters on a photocatalyst surface. 
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controlled metal clusters fabricated by liquid-phase synthesis are adsorbed on the photocatalyst and then the 
ligands are removed by calcination. As a result, the metal clusters are loaded on the photocatalyst in a controlled 
manner (Scheme 1(b)).[37–39] Using this approach, we have precisely loaded 25-atom gold clusters (hereinafter 
referred to as Au25 clusters) with a size of only ~1.1 nm on BaLa4Ti4O15

[40], one of the most advanced water-
splitting photocatalysts to date.[41–43] Furthermore, studies on the thus-obtained photocatalyst (Au25/BaLa4Ti4O15) 
revealed that ultra-miniaturization of the Au cocatalyst accelerates both the H2 generation and inhibition 
reactions. Thus, we demonstrated that to create a highly active photocatalyst utilizing the unique characteristics 
of the ultrafine Au-cluster cocatalyst, it is necessary to form a layer[2,8,9,12–15,37–39] that suppresses the inhibition 
reaction on the Au cocatalyst.[43] However, the following two questions remain concerning the effective 
photocatalyst activation by this approach: (1) Is it possible to use this approach to precisely load extremely fine 
Au-cocatalyst particles on other photocatalysts? (2) Does ultra-miniaturization of the Au cocatalyst have the 
same effect on other photocatalysts as it does on BaLa4Ti4O15? 

SrTiO3 (Scheme 2(a))[44] promotes the water-splitting reaction when irradiated with ultraviolet (UV) light, 
similar to BaLa4Ti4O15. In addition, Au can function as a cocatalyst for SrTiO3.[45] The band gap of SrTiO3 can 
be controlled by doping with heteroelements (Rh, Cr) and the obtained heteroelement-doped SrTiO3 (SrTiO3:Rh, 
SrTiO3:Cr) is also frequently used as a H2-evolution photocatalyst in the visible-light-responsive water-splitting 
reaction using the Z-scheme.[3–8,11] Thus, herein we use SrTiO3 to answer the above two questions. We found that 
the size of the Au cocatalyst on SrTiO3 can be strictly controlled within a very narrow region by the method 
depicted in Scheme 1(b). The water-splitting activity of Au-loaded SrTiO3 was improved by only the ultra-
miniaturization of the cocatalyst. This effect of ultra-miniaturization of the cocatalyst is different from that found 
for the Au25/BaLa4Ti4O15 system, suggesting that the effect of ultra-miniaturization of the cocatalyst depends on 
the photocatalyst. 

2. Experimental

2.1. Chemicals 
All chemicals were commercially obtained and used without further purification. Hydrogen tetrachloroaurate 

tetrahydrate (HAuCl4·4H2O) was purchased from Tanaka Kikinzoku. Tetraoctylammonium bromide, 
triphenylphosphine ((C6H5)3P), glutathione (GSH), sodium tetrahydroborate, bismuth standard solution (100 
ppm), gold standard solution (1000 ppm), and strontium titanate (SrTiO3) were obtained from Wako Pure 
Chemical Industries. Methanol, toluene, acetone, ethanol, hexane, and chloroform were purchased from Kanto 
Chemical. Pure Milli-Q water (18.2 MΩ·cm) was obtained using a Merck Millipore Direct 3 UV system. 

2.2. Preparation of Au25/SrTiO3 
Glutathionate (SG)-protected Au25 clusters (Au25(SG)18; Scheme 2(b))[16] were used as the cocatalyst 

precursor because their size-selective synthesis has been well established. Loading of the Au25-cluster cocatalyst 
on SrTiO3 was conducted by the method illustrated in Scheme 1(b). 

Synthesis of Au25(SG)18: Au25(SG)18 was synthesized by the conversion of (C6H5)3P-protected Aun clusters 
into Au25(SG)18 through a ligand-exchange reaction.[46] The (C6H5)3P-protected Aun clusters were prepared by a 
procedure similar to that reported previously.[47] Chloroform (75 mL) containing (C6H5)3P-protected Aun clusters 
(50.4 mg) was mixed with water (75 mL) containing GSH (1456.5 mg, 4.7 mmol). The mixture was heated 
under reflux at 60 °C for about 10 h. The aqueous phase was then separated from the chloroform phase using a 
separation funnel. Au25(SG)18 was obtained by removing excess GSH by ultrafiltration of the aqueous phase. 

Loading of Au25-cluster cocatalyst onto SrTiO3: First, Au25(SG)18 clusters were adsorbed on SrTiO3 by 
mixing an aqueous solution containing Au25(SG)18 with an aqueous solution of SrTiO3 (600 mg) for 2 h at room 
temperature (Scheme 1(b)). The total volume of aqueous solution was fixed at 200 mL, and the mixing ratio of 

Scheme 2. Structures (a) reported for SrTiO3
[44] and (b) proposed for Au25(SG)18

[19]. In (b), only Au and 
S atoms are shown for clarity. 
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Au25(SG)18 cluster to SrTiO3 was fixed at 0.1 wt% Au because it gave a photocatalyst that showed high activity 
in the study on Au25/BaLa4Ti4O15.[41] The actual amount of Au adsorbed on SrTiO3 was determined by 
inductively coupled plasma mass spectrometry (ICP-MS) analysis of each aqueous solution after mixing. The 
obtained Au25(SG)18/SrTiO3 was calcined under reduced pressure (>1.0×10−1 Pa) at 300 °C for 2 h to provide 
Au25/SrTiO3 (Scheme 1(b)). 

2.3. Preparation of Au Nanoparticle (AuNP)-loaded SrTiO3 (AuNP/SrTiO3) 
For comparison, AuNP/SrTiO3 was prepared using a conventional photodeposition method. First, SrTiO3 (600 

mg) was added to aqueous HAuCl4 solution (350 mL) in a quartz cell. The gold content was fixed at 0.1 wt%. 
The mixture was stirred for 1 h at room temperature and then irradiated with a high-pressure Hg lamp (400 W) 
for 1 h. The average diameter of the particles loaded onto SrTiO3 was estimated to be 9.5±3.3 nm by 
transmission electron microscopy (TEM). 

2.4. Measurement of Photocatalytic Activity 
In the following experiments, the evolved gases were analyzed by gas chromatography (Shimadzu GC-8A 

equipped with a thermal conductivity detector and 5A molecular sieve column; Ar carrier gas). 
Water Splitting: The photocatalytic water-splitting reaction by the photocatalysts (Au25/SrTiO3 and 

AuNP/SrTiO3) was performed at room temperature using an experimental apparatus built in-house that consisted 
of a high-pressure Hg lamp (400 W) and quartz cell (Figure 1). The reaction was conducted under Ar gas at a 
flow rate of 30 mL/min ((i) in Figure 1). Before the measurements, the reaction solution consisting of a prepared 
photocatalyst (500 mg) in water (350 mL) was purged with Ar gas for 1 h to ensure complete removal of air 
from the reaction vessel. 

Hydrogen Evolution using a Sacrificial Reagent: In this experiment, the H2-evolution ability of the 
photocatalysts (Au25/SrTiO3 and AuNP/SrTiO3) was estimated using methanol as a sacrificial reagent ((ii) in 
Figure 1). Methanol (CH3OH) solution (10%, 350 mL) containing a photocatalyst (500 mg) was irradiated with a 
high-pressure Hg lamp (400 W) under an Ar flow of 30 mL/min at room temperature. 

Oxygen Photoreduction: In this experiment, the decrease of the quantity of evolved H2 was examined to 
investigate the likelihood of the oxygen (O2)-photoreduction reaction. In particular, the H2-evolution ability (see 
the above section) of the photocatalysts (Au25/SrTiO3 and AuNP/SrTiO3) was examined in a gas mixture of 5:1 Ar 
to air instead of pure Ar ((iii) in Figure 1). 

Figure 1. (a) Experimental conditions and (b) schematics of reactions; (i) photocatalytic water splitting, 
and photocatalytic H2 evolution using methanol as a sacrificial reagent under a flow of (ii) Ar gas 
(namely, without O2 in the reaction system) and (iii) a 5:1 mixture of Ar to air (namely, with O2 in the 
reaction system). 
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2.5. Characterization 
The optical absorption spectrum of an aqueous solution of Au25(SG)18 cluster was recorded at ambient 

temperature with a JASCO V-630 spectrometer. 
Diffuse reflectance (DR) spectra of Au25(SG)18/SrTiO3, Au25/SrTiO3, and AuNP/SrTiO3 were acquired at 

ambient temperature using a JASCO V-670 spectrometer. 
ICP-MS was conducted using an Agilent 7500c spectrometer (Agilent Technologies, Tokyo, Japan). Bi was 

used as an internal standard. The ICP-MS measurements were conducted for the solution after mixing to estimate 
the quantity of Au that was not adsorbed on SrTiO3. The adsorption efficiency was estimated on the basis of that 
value. 

TEM images were recorded with a Hitachi H-9500 electron microscope operating at 200 kV, typically using a 
magnification of ×150,000, or a JEOL JEM-2100 electron microscope operating at 200 kV, typically using a 
magnification of ×600,000. 

X-ray photoelectron spectra were recorded using a JEOL JPS-9010MC electron spectrometer equipped with a
chamber at a base pressure of ~2×10−8 Torr. X-rays from the Mg Kα line at 1253.6 eV were used for excitation. 
The binding energies were corrected by calibrating the binding energy of Ti 2p3/2 in SrTiO3, which was 
determined before this study. 

Powder X-ray diffraction (XRD) measurements were performed on a Rigaku Rint2500 diffractometer using 
Cu Kα radiation (λ = 1.5418 Å). A reflection-free silicon plate was used as a substrate. 

Scanning electron microscopy (SEM) images were recorded with a JEOL JSM-7600F electron microscope 
operating at 200 kV, typically using a magnification of ×40,000. 

3. Results and Discussion

Figure 2. (a) Optical absorption spectrum and (b) TEM image and associated particle-size distribution 
of Au25(SG)18. 

Figure 3. (a) DR spectrum, (b) Au 4f spectrum, (c) TEM image, and (d) particle-size distribution of 
Au25(SG)18/SrTiO3.  
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3.1. Loading of Au25-cluster cocatalyst onto SrTiO3 
The Au25(SG)18 cluster (Figure 2(a)) synthesized in this study demonstrated similar optical absorption 

features to that reported previously.[16] The TEM image of Au25(SG)18 only contained ~1-nm particles (Figure 
2(b)). These results demonstrate that the Au25(SG)18 cluster synthesized in this study was of high purity. 

The Au25(SG)18 cluster was adsorbed on SrTiO3 with an adsorption ratio of 99.8% by stirring with SrTiO3 in 
water (see Section 2.2). Hydroxyl (-OH) groups are presumed to be present on the surface of SrTiO3 in H2O. It is 
interpreted that Au25(SG)18 is adsorbed on SrTiO3 with a high adsorption ratio because the polar functional 
groups (-CO2H and NH2) of SG form hydrogen bonds with these -OH groups. 

Figure 3(a) shows the DR spectrum of Au25(SG)18/SrTiO3. A characteristic peak of Au25(SG)18 (Figure 2(a)) 
appears in the DR spectrum. In the Au 4f spectrum of Au25(SG)18/SrTiO3, peaks attributable to Au were 
observed at binding energies of 84.7 and 88.4 eV (Figure 3(b)). These peak positions are in good agreement with 
those observed in the Au 4f spectrum of Au25(SG)18 (84.7 and 88.5 eV).[16] Only particles with a diameter of ~1 
nm were observed in the TEM image of Au25(SG)18/SrTiO3 (Figure 3(c) and (d)). These results indicate that 
Au25(SG)18 was adsorbed on SrTiO3 without deterioration. 

Figure 4(a) shows the DR spectrum of the photocatalyst after calcination (Au25/SrTiO3). This spectrum lacks 
the characteristic peak of Au25(SG)18 and absorption gradually increases from the long wavelength side to the 
short wavelength side. These results indicate that the geometric structure of Au25(SG)18 was remarkably changed 
by calcination. In the Au 4f spectrum of Au25/SrTiO3, peaks attributable to Au were observed at binding energies 
of 84.1 and 87.9 eV (Figure 4(b)). These peak positions are shifted to lower energy compared with those of 
Au25(SG)18/SrTiO3 (84.7 and 88.4 eV; Figure 3(b)) and are close to those of bulk Au (84.0 and 87.7 eV[48]). 
These results suggest that the SG ligand was removed by calcination. In fact, almost no peak was observed in the 
S 2p spectrum of Au25/SrTiO3. The TEM image of Au25/SrTiO3 (Figure 4(c)) only contained ~1.2-nm particles 
(Figure 4(d)). The slight increase of particle size is attributed to the structural change induced by the removal of 
the SG ligands.[41,42,49] These results indicate that no substantial cluster aggregation occurred upon ligand 
removal. This interpretation was also supported by the fact that almost no ~520-nm plasmon peak, which would 
indicate the presence of AuNP of 2 nm or larger,[50] was observed in the DR spectrum (Figure 4(a)). 

Figure 5 shows the powder XRD patterns and SEM images of SrTiO3,[51] Au25(SG)18/SrTiO3, and Au25/SrTiO3. 
The XRD patterns and SEM images of the respective samples are extremely similar. These results indicate that 
the crystal structure of SrTiO3 is maintained after the adsorption of Au25(SG)18 and the subsequent removal of 
the SG ligands. 

All of these results confirmed that extremely fine Au-cocatalyst particles (Au25 clusters) were precisely 
loaded on the SrTiO3 water-splitting photocatalyst using the method summarized in Scheme 1(b). This means 
that the loading method to support ultrafine Au-cocatalyst particles on a photocatalyst presented in Scheme 1(b) 
is relatively versatile. 

Figure 4. (a) DR spectrum, (b) Au 4f spectrum, (c) TEM image, and (d) particle-size distribution of 
Au25/SrTiO3. 
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Figure 5. (a) XRD patterns and (b) SEM images for SrTiO3,[51] Au25(SG)18/SrTiO3, and Au25/SrTiO3. 

Figure 6. Time course of water splitting over Au25/SrTiO3 (0.1 wt% Au). 

Figure 7. (a) TEM image and (b) associated particle-size distribution of AuNP/SrTiO3. 
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3.2. Effect of refining the cocatalyst on photocatalytic activity 
The Au25/SrTiO3 thus obtained catalyzed the water-splitting reaction under UV-light irradiation. Figure 6 

shows the time course of the amount of gas evolved. This amount continuously increased over time. However, 
the ratio of the generated H2 and O2 was not 2:1 in this water-splitting reaction. Domen et al.[52] reported that it is 
difficult for oxidized species to detach as O2 from the surface of SrTiO3. This might be the reason why the 
amount of O2 generated was slightly smaller than the 2:1 stoichiometric ratio of the water-splitting reaction using 
Au25/SrTiO3. This phenomenon was also observed for the water-splitting reaction using AuNP/SrTiO3. 

We compared the amounts of gas generated over Au25/SrTiO3 and AuNP/SrTiO3 (Figure 7) to investigate the 
effect of ultra-miniaturization of the Au cocatalyst on the water-splitting activity of SrTiO3. Figure 8(a)(I) and 
(II) show the amounts of gas evolved during the first hour when Au25/SrTiO3 and AuNP/SrTiO3, respectively,
were used for the photocatalyst. Figure 8(a) reveals that Au25/SrTiO3 produced approximately twice as much gas
(41.2 µmol/h of H2) as AuNP/SrTiO3 (21.9 µmol/h of H2). These results indicate that ultra-miniaturization of the
cocatalyst increases the water-splitting activity of Au-loaded SrTiO3.

Figure 8. Comparison of the rates of photocatalytic evolution of (a) H2 and O2 by water splitting and (b) 
H2 using methanol as a sacrificial reagent under a flow of Ar gas (labeled “without O2”) or 5:1 mixture 
of Ar to air (labeled “with O2”) by (I) Au25/SrTiO3 and (II) AuNP/SrTiO3. Averages of the values 
obtained from several experiments are displayed. 

Figure 9. Schematic of the effect of ultra-miniaturization of the Au cocatalyst on H2 evolution and the 
O2-photoreduction reaction; (a) Au25/SrTiO3 and (b) AuNP/SrTiO3. 
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To investigate the origin of the improved water-splitting activity caused by the ultra-miniaturization of the Au 
cocatalyst, we examined the effect of refining the cocatalyst on each reaction occurring on the photocatalyst. 
When CH3OH is present in the solution, holes generated by photoexcitation are used in decomposition of 
CH3OH rather than O2 production ((ii) in Figure 1(b)).[3] Under these conditions, the production of O2 is 
negligible and therefore the inhibition reaction involving O2 hardly occurs.[43,53,54] That is, evaluating the H2-
production ability of the cocatalyst ((ii) in Figure 1(b)) is possible under these conditions ((ii) in Figure 1(a)). 
Figure 8(b) shows the amount of H2 generated during the first 1 hour under these conditions (without O2). 
Au25/SrTiO3 generated approximately twice as much H2 (1689 µmol/h) as AuNP/SrTiO3 (899 µmol/h). This 
comparison indicates that ultra-miniaturization of the Au cocatalyst promotes the H2-formation reaction (Figure 
9). 

We also investigated the effect of Au cocatalyst ultra-miniaturization on the other reaction. Previous studies 
demonstrated that the Au cocatalyst prevented the back reaction in the absence of light irradiation, whereas the 
inhibition reaction related to the reduction of O2 (hereafter termed the O2-photoreduction reaction) occurs under 
light irradiation.[53,54] Therefore, in this experiment, we investigated the effect of cocatalyst ultra-miniaturization 
on the O2-photoreduction reaction. In the experiments, O2 was included in the flowing gas ((iii) in Figure 1 (a)) 
to promote the O2-photoreduction reaction. Figure 8(b) shows the amount of H2 generated during the first 1 hour 
in the presence of O2. Over both Au25/SrTiO3 and AuNP/SrTiO3, the amount of H2 evolved was greatly decreased 
compared with the cases where O2 was not present. This behavior indicates that the O2-photoreduction reaction 
proceeds under light irradiation for both photocatalysts. Regarding the decrease ratio of the amount of H2 
produced, similar ratios of 39% and 34% were observed for Au25/SrTiO3 and AuNP/SrTiO3, respectively. This 
result means that the O2-photoreduction reaction occurs to the same extent for both photocatalysts. In other 
words, the ultra-miniaturization of the Au cocatalyst does not strongly affect the likelihood of the O2-
photoreduction reaction (Figure 9). 

These results show that for Au-loaded SrTiO3, ultra-miniaturization of the cocatalyst accelerates the H2-
formation reaction without strongly affecting the O2-photoreduction reaction. Thus, it can be concluded that the 
improvement of the water-splitting activity induced by ultra-miniaturization of the cocatalyst is mainly caused 
by the acceleration of the H2-formation reaction. 

This effect of ultra-miniaturization of the Au cocatalyst differs from that found for Au-loaded BaLa4Ti4O15; in 
the case of Au-loaded BaLa4Ti4O15, the refinement of the cocatalyst enhanced both the H2-evolution reaction and 
the O2-photoreduction reaction and thereby the water-splitting activity was not improved through only the ultra-
miniaturization of the cocatalyst.[43] The differences in the effect of refining the cocatalyst are presumed to be 
related to differences in the binding mode between the cocatalyst and photocatalyst, the magnitude of charge 
transfer, and/or the geometric/electronic structures of the cocatalyst between Au-loaded SrTiO3 and Au-loaded 
BaLa4Ti4O15. In fact, although an increase in the cocatalyst particle diameter was observed for both of the 
photocatalysts after 10 h of reaction, the increase in the cocatalyst particle size in Au25/SrTiO3 was not as large 
as that in Au25/BaLa4Ti4O15 (Figure 10). Thus, it is presumed that a stronger bond is formed between the 
cocatalyst and photocatalyst in Au25/SrTiO3 than in Au25/BaLa4Ti4O15. In the future, it is expected that further 
information about the binding mode between the cocatalyst and photocatalyst, magnitude of charge transfer, and 
geometric/electronic structures of the cocatalyst will be obtained by high-resolution measurements[49,55,56] and 
theoretical calculations,[57] thereby providing a deeper understanding of the reasons why the effect of cocatalyst 
ultra-miniaturization depends on the photocatalyst. 

4. Conclusion

Figure 10. Comparison of TEM images and associated particle-size distributions of (a) Au25/SrTiO3 and 
(b) Au25/BaLa4Ti4O15 after UV irradiation for 10 h.
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This study elucidated that when using SrTiO3 as the photocatalyst, the size of the Au cocatalyst can be strictly 
controlled within the ultrafine regime by using a thiolate-protected Au cluster as the precursor. It was also 
revealed that in the Au-loaded SrTiO3, ultra-miniaturization of the cocatalyst increased the water-splitting 
activity. It was concluded that this improvement in activity is mainly caused by the acceleration of the H2-
formation reaction. The effect of ultra-miniaturization of the cocatalyst observed herein is different from that 
observed for Au-loaded BaLa4Ti4O15. Thus, it became clear that the effects of refining the cocatalyst depend on 
the underlying photocatalyst. These findings are expected to lead to more elaborate design guidelines for higher 
functionalization of water-splitting semiconductor photocatalysts. 
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