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In situ SEIRAS analysis of enhanced photocatalytic carrier transfer 
to Pt cocatalyst induced by sacrificial reagents 

Shu Ashimura,a Ota Mori,a Reiya Konaka,a Takuya Iwai,a Chechia Hu,b Ke-Hsuan Wang,c Chien-
Hsiang Chang,d Yuh-Lang Lee,d and Masaaki Yoshida*,a,e

In situ SEIRAS analyses revealed a peak shift of adsorbed CO on Pt 

cocatalysts supported on TiO2 photocatalysts in the presence of 

sacrificial reagents. This observation suggests that charge 

separation from the photocatalysts to the cocatalysts was 

enhanced, leading to negative potential shifts that promote 

hydrogen evolution. 

Ongoing population growth has led to the increased consumption of 

fossil fuels, which in turn has elevated greenhouse gas emissions. 

These emissions contribute to global warming, and so there is an 

urgent need to replace fossil fuels with clean energy sources. 

Photocatalytic water splitting1 utilizing solar energy to produce 

hydrogen as an energy source has gained considerable attention in 

this regard. In this process, the catalyst absorbs sunlight to generate 

electrons and holes as excited charge carriers within the catalyst. 

These electrons and holes subsequently migrate to the surfaces of 

cocatalysts and participate in reactions that produce hydrogen and 

oxygen.  

Research groups around the world are currently developing highly 

active photocatalysts for water splitting.2 As an example, Domen et 

al. reported a maximum external quantum efficiency of 96% for 

overall water splitting under 350-360 nm light using Rh/Cr2O3
3 

supported on Al-doped SrTiO3.4 In other work, Kudo and colleagues 

developed a La-doped NiO/NaTaO3
5 photocatalyst that exhibited 

nine times higher photocatalytic activity than its undoped 

counterpart, achieving a maximum apparent quantum yield of 56% 

in response to 270 nm radiation.6 This exploration of high-efficiency 

photocatalytic materials is ongoing and widespread,7 although the 

functionality of such materials has not yet been fully evaluated. 

In situ spectroscopy can allow the movement of excited carriers 

within a photocatalyst to be observed as a means of elucidating 

carrier dynamics.8 Kamat and colleagues examined excited carriers 

within TiO2 on Au nanoparticles in a thiol-crosslinked photocatalyst 

using UV-visible spectroscopy.9 Other studies have employed X-ray,10 

UV11 or visible-mid infrared12 lasers in conjunction with time-

resolved absorption spectroscopy to track the behaviour of excited 

carriers within photocatalytic materials. Ozawa et al. used time-

resolved photoelectron spectroscopy to observe excited carriers on 

TiO2 surfaces under vacuum.13 Such studies demonstrate that many 

research groups have assessed excited carrier transfer in 

photocatalytic materials. However, there have been no reports of in 

situ observations of excited carrier transfer from photocatalysts to 

cocatalysts in solution. Furthermore, while sacrificial reagents are 

known to enhance photocatalytic activity through their structural 

properties, suppression of reverse hole transfer from the solution to 

the photocatalyst, and induced structural changes on the 

photocatalyst surface, their effects on the reaction sites of the 

cocatalyst remain unclear.14 

When investigating photocatalyst activity, it is crucial to consider 

the reaction sites on cocatalysts, as it has been shown that the 

transfer of excited carriers to cocatalysts is closely associated with 

such sites.15 Kondoh et al. observed the movement of holes from a 

SrTiO3 photocatalyst to an oxygen evolution cocatalyst under steam 

using in situ conversion electron yield soft X-ray absorption 

spectroscopy.16 We have also monitored the transfer of holes to 

oxygen evolution cocatalysts in various photocatalysts and 

photoelectrodes using in situ X-ray absorption spectroscopy.17 In 

prior work, the functioning of reaction sites on a hydrogen evolution 

cocatalyst was examined by assessing the relationship between the 

vibrational frequency of CO molecules and the local electrode 

potential of the cocatalyst. This was accomplished using in situ 

attenuated total reflection surface-enhanced infrared absorption 

spectroscopy (ATR-SEIRAS) employing CO molecules as probes.18 We 

have also previously used GaN single-crystal substrates as 

photoelectrode materials and observed the transfer of excited 

carriers from GaN photoelectrodes to Pt cocatalysts using in situ CO-

probe SEIRAS.19 Additionally, Kubota et al. monitored the transfer of 

excited electrons from various photocatalyst powders to Pt 

cocatalysts.20 We also employed in situ CO-probe SEIRAS to evaluate 

the effect of the Pt/Si photoelectrode interface structure on the 

transfer of excited carriers to the Pt cocatalyst.21 Such examinations 
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of excited carrier transfer can help to elucidate the functioning of 

cocatalysts, although more data are required.  

The present study employed TiO2, which exhibits high 

hydrogen evolution activity in response to UV light, as a model 

photocatalyst. In this work, the transfer of excited carriers from 

the TiO2 photocatalyst to Pt acting as a hydrogen evolution 

cocatalyst was monitored in the presence of a sacrificial reagent 

using in situ CO-probe SEIRAS. Based on tracking changes in the 

local electrode potential of the Pt cocatalyst while varying the 

sacrificial reagent, the correlation between the activity of the 

Pt/TiO2 photocatalyst and the reaction sites on the cocatalyst 

was determined. 

Multiple characterization techniques were used to examine 

the surface morphology, elemental composition and chemical 

state of the Pt/TiO2 photocatalyst (Pt:10wt%). Transmission 

electron microscopy images and particle size distribution of Pt 

nanoparticles (Fig. S1) along with X-ray diffraction data (Fig. S2) 

obtained at the Pt/TiO2 interface confirm the presence of Pt 

nanoparticles on the TiO2, which have diameters of several 

nanometers. The elemental composition of the Pt/TiO2 was 

ascertained using energy dispersive X-ray spectroscopy (Fig. 

S3a) and wide-scan X-ray photoelectron spectroscopy (XPS) (Fig. 

S3b). The results confirmed that Pt particles had been 

photodeposited on the TiO2. Narrow-scan Pt 4f XPS data (Fig. 

S4a) and Pt L3-edge X-ray absorption fine structure (XAFS) 

analyses (Fig. S4b) were used to evaluate the chemical state of 

the Pt. These assessments suggested that the Pt on the TiO2 was 

in a metallic state. Curve fitting of the Fourier transformed 

extended XAFS results (Fig. S5) established that the local 

structure of the Pt/TiO2 included Pt-Pt and Pt-Ti shells. The 

effect of varying the sacrificial reagent on the activity of the 

photocatalyst was investigated by monitoring hydrogen 

generation in conjunction with exposure to UV-visible light 

(300-600 nm). These trials were performed in ultrapure water, 

an aqueous 15 vol% ethanol (EtOH) solution or an aqueous 15 

vol% methanol (MeOH) solution (Fig. 1). A slight amount of 

hydrogen was generated when using ultrapure water, 

suggesting that the activity of the Pt/TiO2 photocatalyst is quite 

low in this solution. In contrast, hydrogen evolution was 

observed with either the EtOH or MeOH solutions, with the two 

producing different quantities of this product. This difference in 

hydrogen output is attributed to the fact that MeOH is more 

easily oxidized electrochemically compared with EtOH, based 

on their redox potentials.22 It appears that the MeOH solution 

more effectively promoted the hydrogen evolution reaction on 

the Pt cocatalyst.  

ATR-SEIRAS analyses were carried out using a method similar 

to that employed in our previous study.19, 21 In situ CO-probe 

SEIRAS data were acquired using a Fourier transform infrared 

spectrophotometer (FT/IR-4600, JASCO Co.) equipped with a 

mercury cadmium telluride detector. A reference spectrum was 

obtained with nitrogen saturation under dark conditions. Prior 

to each experiment, CO gas was bubbled through the solution 

for 15 min to allow CO molecules to adsorb on the Pt surfaces. 

The frequency changes of these adsorbed CO molecules were 

monitored utilizing an electrochemical cell connected to a Pt 

counter electrode and an Ag/AgCl (3 M NaCl) reference 

electrode. These trials were conducted in a 0.05 M aqueous 

H2SO4 solution saturated with CO while controlling the potential 

of the Pt electrode using a potentiostat (HA-151B; Hokuto 

Denko Co.) (Fig. S6a). In situ CO-probe SEIRAS assessments of 

the Pt/TiO2 were performed in ultrapure water, an EtOH 

solution or a MeOH solution, both in the dark and with exposure 

to UV radiation (less than 102 mW/cm2) (ULEDN-101, NS 

Lighting Co.) at steady state (Fig. S7). 

In preliminary work, the relationship between the stretching 

frequency of CO molecules adsorbed on a Pt electrode and the 

electrode potential of the Pt was investigated in the absence of 

light. Variations in the SEIRA spectra with changes in the 

potential under dark conditions are presented in Fig. S6b. At a 

Pt electrode potential of -0.24 V vs. RHE, the CO peak was 

located at 2035 cm-1. However, as the potential was increased, 

this peak shifted to higher frequencies and a position of 2065 

cm-1 was observed at 0.76 V vs. RHE. Plotting the peak position 

as a function of the potential (Fig. S6c) indicated a linear 

correlation with a slope of 28 cm-1 V-1. This value is in good 

agreement with the slopes obtained in prior studies18a and 

demonstrates that a 1.0 V increase in the electrode potential 

shifted the CO peak by 28 cm-1 to higher frequency. These 

frequency changes were associated with back-donation of 

electrons from the Pt electrode to the 2π* antibonding orbital 

of the CO molecules and were also affected by the surrounding 

electric field. Therefore, based on this relationship, changes in 

the local electrode potential at the Pt cocatalyst on the TiO2 

photocatalyst could be roughly estimated. Please note that 

H2SO4 solution was adopted for this tentative estimation of 

electrode potential of Pt cocatalysts, instead of a neutral 

aqueous solution due to the problem of electrochemical 

measurements (Fig. S8). Furthermore, the bare Pt electrode was 

conducted for the estimation, not using Pt/TiO2 powder as the 

electrode because of the low conductivity (Fig. S9). 

Fig. 2 presents spectra reflecting the transfer of excited 

carriers from the TiO2 photocatalyst to the Pt cocatalyst under 

UV light in ultrapure water, an EtOH solution or a MeOH 

solution. In ultrapure water, the CO peak appeared at 2065 cm-

1 under dark conditions but shifted approximately 3 cm-1 to the 

lower frequency side upon irradiation. When the irradiation was 

stopped, the CO peak returned to its original position (Fig. 2a). 

These results suggest that a small number of excited electrons 

accumulated in the Pt cocatalyst. The local electrode potential 

change of the Pt cocatalyst at this time was tentatively 

Fig. 1 The hydrogen evolution reaction over a Pt/TiO2 photocatalyst in 

response to 300-600 nm light. The black, blue and red lines represent 

results obtained using ultrapure water, aqueous ethanol and aqueous 

methanol, respectively. 
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evaluated as 0.11 V by the slope of the proportional relationship 

in Fig. S6c. In the presence of EtOH as a sacrificial reagent, the 

frequency of the CO molecules on the Pt cocatalyst was shifted by 

approximately 7 cm-1 to lower frequency upon irradiation (Fig. 2b). 

From this outcome, it is evident that the photogenerated holes were 

consumed in oxidation reactions with the aqueous EtOH solution on 

the TiO2 photocatalyst. This phenomenon promoted charge 

separation and facilitated the transfer of excited electrons to the Pt 

cocatalyst, thereby shifting its local potential towards more negative 

values. Based on the slope derived from the proportional 

relationship in Fig. S6c and the variations in the potential of the Pt 

cocatalyst, it appears that the electrode potential of the Pt cocatalyst 

in the EtOH solution was shifted negatively by approximately 0.25 V. 

In the case of the trials in the MeOH solution, a shift of approximately 

11 cm-1 to lower frequency was observed during irradiation (Fig. 2c), 

indicating a larger change than that in the EtOH solution. This result 

shows the property of MeOH being more easily oxidized 

electrochemically allowed more holes to be captured, suppressing 

the recombination reaction with excited electrons. Consequently, 

the excited electrons moved to the Pt cocatalyst, causing a significant 

change in the local electrode potential. The potential change of the 

Pt cocatalyst in the MeOH solution was roughly estimated to be on 

the order of 0.39 V, representing the largest change observed during 

the in situ CO-probe SEIRAS analyses in the presence of sacrificial 

reagents. Thus, the in situ CO-probe SEIRAS results established that 

the trapping of holes by the oxidation reaction of the sacrificial 

reagent affected the transfer of excited carriers within the 

photocatalyst and increased the change in the local electrode 

potential of the Pt cocatalysts. It should be noted that sacrificial 

reagents such as methanol and ethanol did not affect the SEIRA 

spectra of CO adsorption on the Pt cocatalyst, because CO gas was 

initially adsorbed onto Pt cocatalyst using a CO-saturated aqueous 

solution (Fig. S10). On the other hand, note that there is the 

possibility that CO may block the hydrogen generation sites on the Pt 

cocatalyst during SEIRAS measurements, because the CO adsorption 

prevent electrochemical hydrogen evolution on the Pt electrode (Fig. 

S11). In addition, the magnitude of the shift of the CO peak in SEIRAS 

measurements varies with light intensity, suggesting that the local 

electrode potential at the Pt cocatalyst is affected by the number of 

photons absorbed by the photocatalyst (Figure S12). Further 

investigation is needed to clarify the relationship between electron 

accumulation and hydrogen formation rate through future 

systematic studies involving variations in light intensity. 

Based on these in situ CO-probe SEIRAS results, a mechanism 

for the hydrogen evolution reaction facilitated by this Pt/TiO2 

photocatalyst in the presence of a sacrificial reagent can be 

proposed. In this process, holes are consumed in oxidation 

reactions with the sacrificial reagent on the surface of the TiO2 

photocatalyst, facilitating the transfer of charge-separated 

excited electrons to the Pt cocatalyst. Hence, the local electrode 

potential is shifted negatively due to the increased density of 

excited electrons within the Pt cocatalyst. This negative shift 

probably reaches the potential required for the hydrogen 

evolution potential (0 V vs. RHE), promotes the hydrogen 

evolution reaction on the Pt cocatalysts. It is therefore 

apparent that enhancing the transfer of excited carriers to the 

cocatalyst by using a sacrificial reagent is a crucial aspect of 

improving photocatalytic activity. The technique used herein 

also allowed the shift in the local electrode potential of the 

cocatalyst to be estimated. This represents a useful means of 

assessing the transfer of excited carriers and could thereby aid 

in the development of highly active water-splitting 

photocatalysts.  

In conclusion, in situ CO-probe SEIRAS analyses using CO 

molecules as probes were employed to observe the transfer of 

excited electrons from a TiO2 photocatalyst to a Pt cocatalyst. 

The results suggest that photogenerated holes within the TiO2 

photocatalyst were consumed in oxidation reactions with the 

sacrificial reagent on the surface of the material. This process 

promoted the transfer of excited electrons to the Pt cocatalyst 

such that the local electrode potential was negatively shifted. 

As more holes were captured by the oxidation reaction of the 

sacrificial reagent, further enhancing the transfer of excited 

electrons to the Pt cocatalyst and increasing the negative shift 

in the local electrode potential. This negative shift that 

ultimately resulted from the sacrificial reagent significantly 

increased the hydrogen evolution reaction rate on the 

cocatalyst. 

XAFS analyses were conducted at the KEK-PF (2022G609) 

and the SPring-8 (2024B1694, 2023B1636). This study was 

supported by JSPS KAKENHI (B) (21H02050) and JST SPRING 

(JPMJSP2111) and the YU Fund. The authors thank Prof. 

Yamakata (Okayama Univ.), A. N., Y. Y., T. Tonosaki, and Prof. 

Sakata (Yamaguchi Univ.) for their support. 

Fig. 2 In situ SEIRA spectra of CO molecules adsorbed on Pt cocatalyst 

on TiO2 photocatalyst in a) ultrapure water, b) aqueous EtOH solution 

and c) aqueous MeOH solution. These spectra were obtained at steady 

state, under CO-saturated conditions, both in the dark and with 

irradiation. The diagram shows the elementary processes occurring 

during excited carrier transfer within the Pt/TiO2 photocatalyst in 

response to light and indicates the valence band (V.B.), conduction band 

(C.B.) and Fermi level (EF). 
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