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In recent years, environmental issues caused by the increased consumption of fossil fuels
have gained significant attention, prompting the need for clean energy alternatives. As a
response, the development of 'water splitting photocatalysts' that absorb sunlight to
generate hydrogen from water as an energy source is being advanced globally. In this
catalyst, excited carriers such as electrons and holes, generated by light, are transferred to
the cocatalyst and photocatalyst surfaces, causing the water splitting reaction. Therefore,
observing the transfer of these excited carriers is crucial for elucidating the photocatalytic
water-splitting reaction. Consequently, in situ spectroscopy has been employed to explore
the fundamental processes of excited carrier transfer during photocatalytic reactions.
However, since sufficient insights regarding excited carrier transfer to cocatalysts, which is
closely related to photocatalytic activity, have not yet been fully obtained, observation of
this transfer is highly anticipated.

In this study, in situ surface-enhanced infrared spectroscopy (SEIRAS) measurements
using CO molecules as probes were applied to photocatalysts (photoelectrodes) to observe
excited carrier transfer to cocatalysts. This measurement method utilizes the fact that the
frequency of CO molecules adsorbed on Pt corresponds to the local potential of Pt, allowing
for a relative evaluation of the excited carrier transfer to Pt. Therefore, the purpose of this
study was to explore conditions that enable efficient excited carrier transfer to cocatalysts
through in-situ measurements and to discuss the relationship between excited carrier

transfer and the water-splitting reaction.

This dissertation comprises six chapters, with a summary of each provided below:

Chapter 1 outlines previous research on the usefulness and the enhancement of activity
in water splitting photocatalysts. It also explains the mechanism of excited carrier transfer
in the photocatalyst and describes the observation of this transfer using in situ
spectroscopic analysis.

Chapter 2 explores the use of an n-type Si substrate as a photoelectrode material and
observes hole transfer from the n-Si photoelectrode to the Pt oxygen-evolving cocatalyst
through in situ CO-probe SEIRAS measurements. The results indicate that the local

potential of the Pt catalyst remained unchanged in the dark and under light irradiation
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when the potential of n-Si photoelectrode was low, suggesting no transfer of excited
carriers to the Pt catalyst and that recombination reactions occurred in the n-Si. On the
other hand, when the n-Si photoelectrode potential was high, the local potential of the Pt
cocatalyst shifted towards higher potential upon photoirradiation, signifying that holes
were transferred to the Pt cocatalyst at this time. The cause of this hole transfer is
considered to be the upward band bending at the n-Si interface, induced by raising the Si
potential to a higher potential, which facilitates the migration of holes to Pt. This band
bending leads to hole accumulation on the Pt cocatalyst, thereby contributing to the
oxidative decomposition of water on Pt.

In Chapter 3, the impact of the sacrificial reagent on the excited carrier transfer from
TiO2 photocatalyst powders to Pt cocatalysts was investigated using in situ CO probe
SEIRAS measurements. As there is limited existing knowledge about excitation carrier
transfer to the cocatalyst in aqueous sacrificial reagents, which are added to enhance
photocatalytic activity, this study is particularly significant. It was found that the number
of excited electrons transferred to the Pt cocatalyst was higher when the sacrificial reagent
was added, compared to water. During this process, the local potential of the Pt cocatalyst
shifted toward the negative due to the movement of excited electrons. This shift is thought
to occur because the reducing power of the sacrificial agent causes holes on the TiO:
photocatalyst surface to undergo oxidation reactions with the sacrificial agent, leading to
an increase in the separation of charge between the excited electrons and holes, and
subsequently, an increased transfer of excited electrons to the Pt cocatalyst. Therefore, the
negative shift in the local potential of the Pt cocatalyst due to the transfer of excited
electrons is suggested to be crucial for the hydrogen evolution reaction on the Pt cocatalyst.

Chapter 4 investigates how the properties of photocatalyst substrates influence the
transfer of excited carriers to cocatalysts by observing the transfer of excited carriers from
WO3 and SrTiOs photocatalyst powders to Pt cocatalysts. This observation indicated that
in the WOs3 photocatalyst, which does not facilitate the hydrogen production reaction,
excited electrons were scarcely transferred to the Pt cocatalyst. In contrast, the SrTiOs
photocatalyst, capable of evolving hydrogen in MeOH, exhibited significant electron
transfer to the Pt cocatalyst not only in MeOH but even in water, causing a substantial
negative shift in the local potential of Pt. This pronounced transfer of excited electrons is
presumed to result from SrTiOs's wider bandgap and higher conduction band position
compared to WOs3, making it easier for excited electrons to transfer from SrTiOs to Pt.
These findings suggest that the SrTiO3 photocatalyst is a highly active photocatalytic
material with the potential for overall water splitting.

Chapter 5 focused on addressing the unresolved relationship between cocatalyst types
and excited carrier transfer, despite numerous reports that photocatalytic activity
significantly changes with different cocatalysts. Specifically, this chapter employed in situ

SEIRAS measurements to investigate excited carrier transfer from TiO: photocatalysts to
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Pd cocatalysts, aiming to extend SEIRAS applicability to various cocatalysts. The results
indicated that excited electron transfer was enhanced in the presence of sacrificial aqueous
solutions, leading to a negative shift in the local potential of Pd cocatalysts. The
phenomena observed with Pd cocatalysts were analogous to those previously seen with Pt
cocatalysts, confirming that in situ SEIRAS is applicable to Pd cocatalysts as well.
Consequently, this measurement method was demonstrated to be a valuable tool for
evaluating differences in excited carrier transfer among different cocatalysts.

In Chapter 6, the research presented in this dissertation is summarized, and
perspectives regarding the improvement of photocatalytic activity for water splitting using

in-situ CO-probe SEIRAS measurements were discussed.
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