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To solve environmental problems and reduce dependence on fossil fuels, there is a need to increase the efficiency
of energy/material conversion reactions by developing highly active electrocatalysts. Precious metals and their
compounds (Pt, IrO,, RuO») are representative examples of highly active electrocatalysts, but their limited resources
and high costs make their widespread use difficult. Therefore, there is a need to develop low-cost, highly active
catalysts with abundant resources to replace precious metal catalysts. In recent years, 3d transition metal-based
catalysts, which have more significant reserves than precious metals, have been attracting attention as an alternative
to precious metals. Although the catalytic activity of Cu-based materials is lower than that of noble metal catalysts,
they exhibit unique catalytic properties such as excellent reaction selectivity. Cu-based materials possess unique
catalytic properties, such as excellent reaction selectivity. Therefore, examples of electrocatalyst development
focusing on Cu-based materials are increasing. In this study, we aimed to increase the efficiency of energy/material

conversion reactions on Cu-based catalysts by designing catalysts for Cu-based materials with the above advantages.

Two factors that contribute significantly to catalyst properties are shape and synergistic effects. Shape refers to the
geometric structure of the catalyst. For example, a structure such as fibers or tubes can increase the surface area
compared to a smooth surface, thereby increasing the number of active sites involved in the catalytic reaction.
Synergistic effects refer to the interaction, including metal-support interactions and metal-metal interactions. By
modulating the electronic state of the catalyst through these interactions, catalytic properties that cannot be achieved
with a single material can be imparted to the active sites. However, only some have succeeded in controlling both the
number and properties of active sites by considering the shape and synergistic effects. This is due to the lack of clear
design strategies for the "local interface structure" where the catalytic reaction proceeds, which is necessary to control

shape and synergistic effects.

In this study, shape and synergistic effects among materials, which significantly affect catalyst properties, were
separately examined to improve the properties of Cu-based materials as catalysts for energy conversion reactions

(Chapters 2 and 3) and material conversion reactions for environmental purification (Chapters 4 and 5).

In Chapter 2, Cu-polymer fibrous composite catalysts with high activity and excellent durability were synthesized
for oxygen evolution reaction (OER) catalysts. The effect on OER activity regarding the synergistic effects of catalyst
shape and Cu-polymer support was studied. The electrospinning method was selected to synthesize fibrous polymer
substrates (Poly(vinylidene fluoride-co-hexafluoropropylene, PVdF-HFP), which Cu then covers via electroless
deposition. The resulting Cu catalysts exhibit excellent OER activity and durability, suggesting that the unique shape

of the fibers not only increases the electrochemical surface area but enhances the mass transport and diffusion of

reactants/products. The results of the electronic state of Cu and the C-H vibrational wavenumber of PVdF-HFP
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confirm the presence of slightly electron-deficient Cu due to the strong electron-withdrawing fluorine. Furthermore,

electrochemical measurements revealed that the fiber-like Cu-polymer composite catalyst can strongly adsorb -O/-
OH. Thus, the synergistic effect at the Cu|PVdF-HFP interface optimizes the reaction energy of OER by creating a
slightly electron-deficient Cu site.

In Chapter 3, We extended the knowledge of the synergistic effect of the CulPVdF-HFP interface obtained in
Chapter 2 to optimize the electronic state of Cu by controlling the ferroelectricity of the polymer support. OER activity
increased with increasing PVAF-HFP polarization. This is suggested to be due to the reaction induced by electron
transfer from Cu to the PVdF-HFP, as well as the positively charged PVdF-HFP region, which allows the transport of
reactive hydroxide ions and increases local pH. This chapter further supports the hypothesis that the electron transfer

from Cu to the strongly electron-withdrawing PVdF-HFP region optimizes the reaction energy of OER.

In Chapter 4, catalyst shape and heterogeneous metal coexistence effects were discussed regarding the high activity
and durability of CuO-Fe;O4 tube catalysts for degradation or organic matter via heterogeneous Fenton-like processes.
Two organic dyes were selected as model pollutant compounds, and their degradation activities were evaluated. The
CuO-Fe;04 tube catalyst exhibited improved degradation rates compared to conventional CuO particle catalysts. The
higher degradation rate of the CuO-Fes;O4 tube catalyst compared to the conventional CuO particle catalyst was
attributed to the higher utilization of the active site for the formation of reactive OH radicals due to the tube shape and

the synergistic effects of the coexistence of Cu(I) and Fe(III) in the tube.

In Chapter 5, the Cu and Ni catalysts were isolated to a single-ion scale, creating a coexisting state different from
conventional alloying and elucidating their synergistic effects. Cu and Ni coexisted in the isolated ionic state between
layers of layered manganese dioxide, and their activity for ammonia decomposition was evaluated. It was confirmed
that Cu and Ni did not change their electronic states and did not interact electronically with each other. On the other
hand, improved activity and nitrogen selectivity were observed compared to the bulk materials. Operando analysis
revealed that the reactions proceeded in a concerted manner, with each Ni and Cu site taking part in the specific

reaction process, accelerating the overall reaction.

In this study, both the number and properties of active sites were designed by controlling the local structure by
focusing on shape and synergistic effects, and the properties of Cu-based catalysts for energy/material conversion
reactions were successfully improved. Throughout the study, the impact of shape and synergistic effects on the number
and properties of active sites, respectively, were successfully clarified, and methods for designing local structures were

proposed to control these effects.
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