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Development of High-Functional Non-Metal Light Element Materials
for a Next-Generation Sustainable Life Style
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Our laboratory is in the research area of advanced nanomaterials for clean energy (alternative energy and hydrogen energy). To fabricate, assemble, and
composite organic/inorganic materials with high-performance functions created from combinations of each material’s properties is one of the most
fascinating and necessary areas of research. In this laboratory, we design, synthesize, and characterize the assembly, composites, and organic/inorganic
materials based on surface/interface design to apply nanomaterials’ properties to bulky materials (Fig. 1). In particular, we have challenged ourselves to
create and develop highly functional nonmetal light element materials (carbon-based materials including boron, nitrogen, oxygen, fluorine, sulfur, and
phosphorus) with high-performance surfaces and interfaces. Such materials are necessary for the field of next-generation clean energy, which in turn is

needed to meet sustainable development goals (SDGs).
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Fig.1 Our research topics.

Sulfur doping of carbon nitrides

Carbon nitrides (CNy) are synthesized by thermal treatment of nitrogen-
containing organic compounds such as urea and melanin pigment. Their
electrical properties are semiconducting, and they are expected to be used
as photocatalysts for decomposing water to produce hydrogen. However,
CN; require improvement in carrier density and tuning of their optimal
band gap for sunlight. To address this issue, we have doped CN, with
sulfur via heat treatment of a mixture of urea and sulfur-containing
organic compounds (Fig.2). The goal of this study is to control the
electrical properties of sulfur-doped CN; by precisely controlling sulfur
doping.

Development of carbon-based material
catalysts for use in polymer electrolyte
fuel cells

Hydrogen energy is a candidate for a new alternative energy system
because hydrogen molecules can be generated from various resources,
stored, and transported. Although hydrogen energy-harnessing polymer
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Fig.2 Photograph of sulfur-doped CNx. As the amount of sulfur doping
increased, the color of the sample changed to blackish brown.
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Fig.S2 New crew. Kyosuke Miyamoto (B3).
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Fig.3 SEM photograph of TisC> MXenes.
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electrolyte fuel cells (PEFCs) have been created, they are not yet widely
used. Platinum, which is used as an oxygen reduction reaction (ORR)
catalyst, is an expensive and non-abundant resource, and it has poor
durability for ORR activity. Therefore, metal-free carbon nanomaterials
have been developed as alternative platinum catalysts. Nitrogen-doped
carbon nanomaterials have been reported to exhibit especially high ORR
catalytic activity. However, the ORR mechanism has not been clarified. To
achieve highly efficient ORR activity, doping nitrogen species should be
precisely controlled in the carbon framework. In this study, we tried to
selectively dope carbon nanomaterials with nitrogen atoms via a
fluorination—defluorination process to clarify the ORR catalytic activity
mechanism for nitrogen-doped carbon materials.

Synthesis and surface chemical modification
of two-dimensional titanium compounds
(MXenes)

PEFCs are operated by hydrogen oxidation reaction (HOR) at an anode and
ORR at a cathode. Since acidic aqueous solutions are used as an electrolyte,
acid-resistant electrocatalysts are required. Two-dimensional material
MXenes are layered compounds composed of transition metals (Ti, V, Nb,
and Mo) and nonmetallic light elements (C and N). Ti;C; is a typical
MXene (Fig.3) and has excellent acid resistance. In this study, we
modulated the electronic properties of TisC, using chemical surface
modification to achieve high-performance HOR and ORR catalysts.
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Fig.5 Graduation photo (March 2021). From left, Ryudai
Tsukidate (B4), Yuto Sano (B4), and Minori Kokubo (M2).
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