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Atomic-level design of next-gen, novel nano-materials for eco-friendly scociety
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A comprehensive understanding of the surface reactions on nano-sized metals (alloys), oxides, and carbon-based materials is essential in the development

of novel nanomaterials with unique catalytic properties. Our approach involves (1) preparations of well-defined single crystal surfaces and nanoparticles

of alloys and metal compounds through dry processes (molecular beam epitaxy and arc-plasma deposition; APD) in an ultrahigh vacuum (UHV) and (2)

electrochemical evaluations of the catalytic properties of UHV-prepared nano-structural surface models that are intended for the development of practical

electro-catalysts. We routinely use UHV and molecular-beam epitaxy, UHV-APD, scanning probe microscopy (SPM), scanning transmission electron

microscopy (STEM), X-ray photo-electron spectroscopy (XPS), low-energy ion-scattering spectroscopy (LE-ISS), electrochemical (EC) voltammetry,

gaschromatography (GC), online electrochemical mass spectrometry (OLEMS), and other techniques to clarify nanomaterials’ surface phenomena. Our

research accomplishements provide a direct link to the next-generation hydrogen society.
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Fig.l ORR activity enhancements (bottom) & surface
strain for the Pt-Zr model catalysts.

Oxygen-reduction reactions on well-defined
models of catalyst surfaces

Pt-based alloy nanoparticles are effective for a low noble—metal content
oxygen reduction reaction (ORR) cathode catalysts in fuel cells with
proton-exchange membrane fuel cells (PEMFC). Models and investigations
are needed ensure a comprehensive understanding of the ORR mechanisms
involved in the complex nanostructures of practical catalysts with a Pt
shell and a core comprising an alloy of Pt and transition metals. Thus, this
year, using the APD method, we fabricated hetero-layered nanostructures
of Ptand Zr on a clean Pt(111) substrate to create a nanoparticle model with
a Pt shell and a combination Pt—Zr core . Both the cross-sectional HAADF
images from scanning transmission electron microscopy and the
corresponding energy dispersive X-ray (EDS) line profiles of the Pt-Zr
catalysts clearly show that shells of approximately 1-nm-thick Pt(111) can
be synthesized on 4-nm-thick Pt-Zr(111) alloy layers. Figure 1 shows that
tensile surface strain also enhances ORR activity.
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Fig.2 ORR durabilities for the Pt/TaCx model catalysts.
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Fig.3 Relative activity of CO: electrochemical reduction on
the Coo.ive and Sno.ivi/Au(110) surfaces.

Pt-M (M=transition metals) alloy nanoparticles (NPs) have been widely
studied. Because the alloying transition metals M are easily dissolved
under the PEFCs’ operating conditions, explorations of electrochemically
stable transition-metal compounds are needed in order to develop highly
active and durable cathode-electrode catalysts. Therefore, we investigated
the ORR properties (initial activity and durability) of platinum and
tantalum carbide alloy (Pt/TaCx) NPs, which we prepared through the
APD of TaCx followed by the electron-beam deposition of Pt. Figure 2
summarizes the activity trends for the potential applications (in terms of
durability). The results clearly indicate that the Pt-shell/TaCx-core type
NPs are effective, active, and durable ORR catalysts.

Analysis of the products of CO, reduction
using electrochemical mass spectrometry

A comprehensive understanding of the electrochemical reduction (ECR)
of COs; is essential to the development of highly active electrode materials
for ECR. We investigated the ECR of CO, into carbon monoxide for
0.1-monolayer(ML)-thick Co- and Sn-deposited Au(/k/) using online
electrochemical mass spectrometry. Figure 3 shows that the activity of
Au(110) depends upon surface modifying elements; the ECR activity of
the Cooimi/Au(110) (red) is higher than that of the Au(110) (dashed),
whereas the surface 0.1-ML-thick Sn (blue) deactivates the ECR. We
discussed the ECR mechanism based on the scanning tunneling
microscopic (STM) images.

Research projects, patents, and awards

We have conducted projects in conjunction with NEDO, JSPS KAKENHI,
the Toyota Mobility Foundation, and the Yazaki Memorial Foundation for
Science and Technology. The results of these studies have been published in
several papers and have led to a priority patent application. Dr. N. Todoroki
received the Japan Institute of Metals and Materials’ Young Researcher
Award. In addition, our students have presented three papers at international
conferences and 17 papers at domestic conferences, receiving four poster
awards as a result (Fig.4).
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Fig.4 Certificates of academic awards.
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