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As global energy demand continues to increase, the depletion of fossil fuels has
become a significant concern. To achieve a sustainable society, it is necessary to
expand the production and utilization of renewable energy, including solar power.
Because renewable energy is susceptible to fluctuations such as weather conditions,
it has been proposed to convert energy into hydrogen, which is easier to store and
transport. One such method attracting attention is the production of hydrogen
through electrolysis of water using renewable energy. This system utilizes catalysts
for hydrogen and oxygen generation; however, the efficiency of the oxygen evolution
reaction (OER) remains insufficient, so there is a need to develop highly efficient OER
catalysts. To date, excellent catalysts using transition metal oxides such as Mn, Co,
and Ni have been developed. To further develop more efficient catalysts, it is essential
to analyze the catalyst states during the water splitting reaction and derive design
guidelines for highly active catalysts.

In this study, we aimed to elucidate guidelines for the development of high-
efficiency catalysts by analyzing all elements contained in OER catalysts under water
splitting conditions using operando X-ray absorption spectroscopy (XAS) with hard
X-rays (>5keV), tender X-rays (2-5keV), and soft X-rays (<2keV). Additionally, based
on insights obtained from operando observations, we successfully developed highly
active catalysts by controlling the local structure of the catalysts through the
alteration of cations, anions, and organic molecules contained within the catalysts.

This dissertation is composed of six chapters, with an overview of each chapter
provided below.

Chapter 1 discusses the societal background of this research and previous studies
on oxygen evolution catalysts using transition metal oxides. Furthermore, the
effectiveness of synchrotron radiation in analyzing water-splitting catalysts under
reaction conditions is demonstrated.

In Chapter 2, Mn catalysts containing alkali metals such as Na, K, and Cs were
prepared to investigate the influence of alkali metals on catalytic functions. First,
catalytic activity tests revealed that Mn catalysts containing Cs exhibited higher
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activity compared to those containing Na or K. Next, XAS analysis of the local
structures of Mn and O indicated that each catalyst possessed a 6-MnQ2 structure,
with Mn catalysts containing Cs showing a higher Mn3* content. Subsequent
examination of alkali metals within the catalysts suggested that the adsorption of
hydrated Cs ions stabilizes Mn3*, which is an unstable valence state. Therefore, it
was revealed that Mn catalysts containing Cs exhibit high water-splitting activity
due to the abundance of Mn3*, which acts as the active site for water splitting.

In Chapter 3, experiments were conducted to develop a novel water-splitting
mineral catalyst using manganite ore. If catalysts can be developed by simply
treating the surface of natural ores, it would eliminate the need for purification,
allowing for environmentally friendly catalyst development. Initially, ball-milled ores
were applied to electrodes, and activity tests confirmed their water-splitting activity.
Subsequently, XAS analysis of the surface and interior of the catalysts revealed
distortions in the crystal structure on the catalyst surface, suggesting that this
distortion of the surface structure serves as a reaction site for the water splitting
catalyst. Therefore, it was demonstrated that the manganite mineral catalyst can
function as a water splitting catalyst.

Chapter 4 examines the effects of organic molecules added during the
electrodeposition preparation of Ni oxide catalysts. Previous studies have shown that
the addition of amino acids such as glycine and B-alanine to the catalyst preparation
solution enhances water-splitting activity. This chapter discussed Ni catalysts with
bidentate ligand containing amino and carbonyl groups, which are the functional
groups of these amino acids. It was found that Ni catalysts with added amino groups
showed significantly higher the electrodeposition rate and higher activity in activity
evaluations with uniform film thicknesses. UV/Vis absorption spectra of the catalyst
preparation solutions indicated that the added organic molecules formed complexes
with Ni2* in the solution, promoting catalyst film formation. Furthermore, operando
XAS measurements of Ni catalysts with the highest activity, which were prepared
with ethylenediamine addition, suggested that the catalysts adopted a distorted y-
NiOOH structure, leading to enhanced water-splitting activity due to this distorted
structure.

Chapter 5 investigates the impacts of phosphate and borate ions in the solution on
the catalytic activity of CoOOH catalysts. While the role of electrolyte solutions in
promoting electron transfer through buffering actions is known, it is hypothesized
that ion adsorption onto the catalyst may also induce active sites. Although previous
reports have investigated the structure of Co, the function of electrolyte anions has
not been sufficiently examined. Therefore, operando XAS measurements were
conducted to analyze the electronic states of Co, O, and P, revealing the adsorption of

phosphate ions onto CoOOH catalysts during the water-splitting reaction.
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Furthermore, it was suggested that the adsorption of electrolyte anions results in the
formation of Co#", which functions as a water-splitting reaction site, thereby
enhancing the water-splitting activity.

Chapter 6 summarizes the content of this dissertation and discusses the future
prospects of operando analysis techniques using synchrotron radiation and water-

splitting catalysts.
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