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Toward realizing a sustainable society, the utilization of renewable energy sources is
becoming increasingly widespread. In parallel with this trend, hydrogen production through water|
electrolysis—using surplus renewable energy to generate and store hydrogen—has attracted|
considerable attention as a clean and sustainable energy technology. However, the primary
industrial method for hydrogen production remains steam reforming, which relies on fossil fuelg
and imposes a significant environmental burden. Consequently, extensive research efforts havel
focused on developing water electrolysis systems powered by renewable energy. In water
electrolysis, the oxygen evolution reaction (OER) requires a much higher overpotential than the
hydrogen evolution reaction (HER), making it the rate-determining step and thus limiting the
overall efficiency of the process. Therefore, there is a strong demand for OER catalysts based on
earth-abundant transition metals that exhibit high catalytic activity under mild conditions, such asg
room temperature, atmospheric pressure, and neutral aqueous media. In particular, for OER|
catalysts operating in neutral solutions, the electrolyte anions are believed to influence both the
catalyst structure and activity, making the elucidation of their functional roles critically important.

This thesis presents a series of studies on transition metal water electrolysis catalysts,
focusing on elucidating the activation functions of electrolyte anions. The research primarily]
comprises three parts: (1) the development of a cobalt oxide catalyst with a hemispherical cavity|
structure electrodeposited in the presence of borate anions; (2) the activation of cobalt oxide
catalysts through carbonate anion adsorption and the elucidation of their functions by operando|
IXAFS analysis; and (3) the activation induced by adsorbed carbonate anions in heterometallic oxide]
catalysts possessing iron—nickel interfaces.

In this study, a cobalt oxyhydroxide (CoOOH) electrocatalyst with a hemispherical cavity]
structure was electrodeposited in a borate buffer solution using a polystyrene colloidal template
method. This catalyst exhibited significantly higher catalytic activity than conventional flat
thin-film catalysts. Operando XAFS analysis revealed that the catalyst is composed of nanoscale
CoOOH clusters containing highly oxidized cobalt species. Furthermore, borate anions were found
to adsorb onto the catalyst surface, contributing to the stabilization of its structure,
[Electrodeposition into a hemispherical cavity likely forms highly oxidized CoOOH clusters with|
adsorbed borate anions on anisotropic Co sites within the catalyst, which function as active sites.

Cobalt oxide catalysts were electrodeposited in a carbonate buffer solution, and their
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structural characteristics were analyzed by operando XAFS measurements. The cobalt oxide
catalyst electrodeposited in the presence of carbonate anions exhibited markedly higher catalytic
activity than that prepared under conditions without carbonate anions. Operando C K-edge XAFS
measurements confirmed the adsorption of carbonate anions onto CoOOH clusters, providing the
first direct observation of adsorbed anions on a water electrolysis catalyst. Operando Co and O
[K-edge XAFS analyses revealed that higher oxidation states of Co species appeared only in the)
presence of adsorbed carbonate anions. Furthermore, it was observed that the electron density of
adsorbed carbonate anions decreased as the oxidation state of Co increased. These findings suggest
that carbonate anions adsorbed on the CoOOH cluster surface promote the formation of highly]
oxidized Co species, thereby enhancing the catalytic activity toward the oxygen evolution reaction.

Finally, nickel oxide films were electrodeposited in a carbonate buffer solution onto ironl
oxide powders with different crystal structures, yielding oxygen evolution reaction (OER) catalysts|
possessing iron—nickel interfaces. The water electrolysis activity of these catalysts was significantly
enhanced by the electrodeposition of Ni species, and the extent of this enhancement was found to|
depend on the crystal structure of the underlying iron oxide. The nickel oxide film was uniformly
deposited on the iron oxide surface and incorporated carbonate anions during synthesis. Under
reaction conditions, the Fe species retained the crystal structure of the parent iron oxide, whereas|
the Ni species underwent a structural transformation from Ni(OH). to y-NiOOH, accompanied by]
an increase in acidity. The interfacial structure formed between y-NiOOH containing carbonate
anions and the iron oxide is believed to play a crucial role in enhancing the catalytic activity for
water electrolysis.

These results clearly demonstrate the crucial influence of adsorbed anions on the behavior
of water electrolysis catalysts. The finding that electrolyte anion adsorption in solution directly]
affects the formation of active sites represents a novel insight that has not been previously reported
By designing the catalyst structure to include the anion adsorption state, further activation|
enhancement can be expected. Therefore, controlling anion adsorption during catalyst synthesis
offers a promising strategy for the rational design and development of more efficient water

electrolysis catalysts.
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