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The production and utilization of hydrogen energy are garnering increasing attention
as essential components for stabilizing sustainable energy systems. Among various
approaches, water electrolysis offers a promising route for hydrogen production,
particularly when powered by surplus renewable electricity. However, the oxygen evolution
reaction (OER), which occurs at the anode, requires significantly higher activation energy
than the hydrogen evolution reaction (HER), thereby representing a major kinetic
bottleneck in overall water splitting. Consequently, the development of highly active OER
catalysts is crucial, alongside HER catalysts, to improve the overall efficiency of water
electrolysis systems.

In recent years, transition metal-based catalysts, particularly those containing elements
such as Mn and Ni, have been extensively studied for water splitting applications.
Furthermore, operando characterization techniques have been actively employed to monitor
changes in the electronic and structural states of catalysts during electrochemical reactions,
allowing for the elucidation of reaction mechanisms. In parallel, the influence of electrolyte
anions in the reaction environment—such as their potential to adsorb on catalyst surfaces
and affect reaction kinetics—has become an emerging topic of interest. Understanding the
dynamic behavior of catalysts under realistic operating conditions and identifying the
factors that activate or deactivate catalytic sites are fundamental to designing next-
generation electrocatalysts.

This dissertation investigates the catalytic mechanisms of transition metal oxide-based
OER electrocatalysts, with a particular focus on structural evolution and anion adsorption
under operando conditions. The study is presented in four chapters, each contributing a
specific insight toward the rational design of OER catalysts.

Chapter 1 provides an overview of the societal demand for sustainable energy
technologies and reviews recent progress in the development of OER catalysts. The chapter

highlights advancements in operando X-ray absorption fine structure (XAFS) spectroscopy
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and theoretical modeling techniques, which have enabled researchers to probe the
electronic and geometric structure of catalysts under working conditions. These
developments serve as the basis for the research objectives presented in this study, which
aims to uncover the mechanistic roles of metal oxidation and anion adsorption in
determining OER activity.

Chapter 2 focuses on the development and characterization of OER catalysts derived
from natural manganese minerals, including Dbixbyite, manganese nodules, and
rhodochrosite. The resulting catalysts—Mn»0s, §-MnO,, and MnCOs;—were prepared by ball
milling and characterized using SEM, EDX, XRD, and XPS. Electrochemical measurements
demonstrated that all three catalysts exhibited OER activity in pH 9 phosphate buffer
solution. Operando Mn K-edge XAFS measurements revealed that the Mn species in Mn,0;
and §6-MnQ; catalysts were oxidized under OER conditions. For the MnCO; catalyst,
operando O K-edge XAFS using the He-conversion electron yield method indicated the in
situ formation of MnO: on the catalyst surface during operation. This observation was
further supported by operando UV/vis spectroscopy, which showed a gradual increase in
spectral features characteristic of MnO,. These results collectively suggest that the
oxidation of Mn species and the formation of MnO; under reaction conditions are directly
related to the emergence of catalytic activity.

Chapter 3 investigates the role of electrolyte anion adsorption using Ni oxide catalysts
electrodeposited from a carbonate buffer (designated as Ni-Ci catalysts). The catalysts were
first electrodeposited in a Ni2*-containing carbonate buffer at pH 9, and then subjected to
electrochemical tests in a Ni-free carbonate buffer. OER activity was successfully confirmed.
Operando XAFS measurements at the Ni K-edge revealed that the catalyst exhibited a
Ni(OH).-like structure under non-active potentials and transitioned to a y-NiOOH structure
under active OER potentials. Further operando O K-edge XAFS analysis suggested that
carbonate anions were adsorbed on the catalyst surface at these active potentials. These
findings indicate that the formation of y-NiOOH, promoted by carbonate adsorption, is
essential for creating catalytically active sites. Notably, the Ni-Ci catalysts retained their
activity even in phosphate buffer solutions. Subsequent operando XAF'S studies under these
conditions revealed that carbonate anions remained adsorbed on the surface and continued
to stabilize the y-NiOOH structure. This result underscores the robustness of carbonate
adsorption and highlights the significant role of electrolyte anions in modulating catalyst

structure and activity.

Chapter 4 summarizes the major findings of the study and discusses future directions
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for catalyst development. The results across all chapters point to two critical factors for high
OER activity: the oxidation of transition metal species and the specific adsorption of
electrolyte anions on the catalyst surface. In particular, the strong correlation between
anion adsorption and the formation of active structures such as y-NiOOH has received little
attention in previous research. The insights gained here provide a new framework for
understanding and optimizing catalyst behavior under reaction conditions. Moving forward,
the strategic use of various electrolyte anions to induce favorable structural transitions on
catalyst surfaces could offer a novel approach for designing highly efficient water splitting

electrocatalysts.
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