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Atomic-level design of novel catalyst materials for eco-friendly society
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Comprehensive understandings of surface reactions on nano-sized metal- (alloy), oxide-, and carbon-related materials are essential for developing novel
nano-materials with superior catalytic properties. Our approach for the subjects are (i) preparations of well-defined single-crystal surfaces and nanoparticles
of alloys and metal compounds through dry-processes (molecular beam epitaxy; MBE and arc-plasma deposition; and APD) in ultra-high vacuum (UHV)
and (ii) electrochemical evaluations of catalytic properties for the UHV-prepared nano-structural catalyst models aimed for developments of practical
electro-catalysts. We have routinely used UHV-MBE, UHV-APD, scanning probe microscopy (SPM), scanning transmission electron microscope (STEM),
X-ray photo-electron spectroscopy (XPS), low-energy ion-scattering spectroscopy (LE-ISS), electrochemical (EC) voltammetry, gas-chromatography
(GC), on-line electrochemical mass spectrometry (OLEMS), scanning electrochemical microscope (SECM), and so forth to clarify the nano-material’s
surface reactions. Our research accomplishments directly relate to a true hydrogen-based society.
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Well-defined model catalyst studies
for PEMFCs

Pt-based alloy nanoparticles are effective catalysts for cathodes and anodes
for proton exchange membrane fuel cells (PEMFCs). Under the operating
condition of a PEMFC, an oxygen reduction reaction (ORR) and a hydrogen
oxidation reaction (HOR) proceed at the cathode and anode, respectively. For
comprehensive understandings of ORR and HOR mechanisms, complex
nano-structures of the practical catalysts should be modeled and investigated.
This year, we fabricate Pt-based and Ir-based model catalysts in an ultra-high
vacuum (UHV; ~10-8 Pa) and discuss correlation between the topmost
surface atomic structures and catalytic properties.

O Single-nanometer-scale Pt-Si particles (Pt-Si NPs) were synthesized
via the arc-plasma deposition (APD) of Si and the arc-plasma deposition of
Si NPs, followed by e-beam deposition of metal elements (Pt) in UHV. In
addition, the ORR properties were investigated (activity and durability).
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Fig.1 TEM image (a) and EDS line-profile (b) of the UHV-synthesized
Pt-Si nanoparticles.

Fig.2 Scanning electrochemical microprobe (SECM).
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Fig.3 LSV (black) and MS-LSV (red) of Pt (top) and Au (bottom)
electrodes in Oz-saturated 0.1 M HCIO..

The Pt-Si NPs are mainly comprised of solid solution of Pt-Si. Fig.1 shows
the TEM image (a) and EDS line-profile (b) for the UHV-synthesized Pt-Si
nanoparticles. The ORR properties of the Pt-Si NPs are higher than the
commercial Pt NPs-supported carbon (Pt/C) benchmark catalyst.

O Anode properties of Tr(hkl) single crystal surfaces

Fig.2 shows a scanning electrochemical microscope (SECM) used for
evaluations of anode (HOR and hydrogen peroxide (H»O) generation)
properties. All the vacuum-prepared, clean Ir, and Ir-based alloy surfaces
showed HOR activity, accompanied with less-active H>O, generation
properties in comparison to that for clean Pt(111). For example, HOR
activities of Ir(111) and Ir(100) were estimated to be 1/2 and 1/3 of Pt(111),
respectively, and the corresponding H>O, generation current of Ir(111) is
two orders of magnitude lower than clean Pt(111). The results showed the
anode properties of Ir are sensitive to surface atomic arrangements and are
superior to Pt, particularly for the H,O, generation property.

Rotating disk electrode-online electrochemical
mass spectrometry (RDE-OLEMS)

On-line electrochemical mass spectrometry (OLEMS) has been established
and widely used for various electrochemical reactions to investigate the
potential-dependent behaviors of reacting and product molecules. We
developed a new rotating disk electrode-online electrochemical mass
spectrometry (RDE-OLEMS) apparatus to investigate potential-dependent
molecular behaviors in electrode surface vicinity under mass transport-
controlled conditions of reacting molecules (e.g., ORR on the Pt electrode
and CO; electrochemical reduction reaction on the Au electrode). Fig.3
shows LSV and MSLSV curves of Pt and Au electrodes measured in O»-
saturated 0.1 M HCIO,. The curves clearly indicate that dynamic,
potential-dependent behavior of O, present near electrodes can be
evaluated by using the RDE-OLEMS.

Research project, award

We have performed NEDO, JST SAKIGAKE, JSPS KAKENHI. Our
students presented 11 papers in domestic conferences and received two
awards. (Fig.4)

pfny—%
A H R

BARA e, W LR
anasem

Paster Award

& W Edww B @4 Emsdw o F———
and
HAVASHI Kenta
u-:lfnummn.n-gpm
,,,,, T, BRAFS
AEE LD 11:* AL AL
e, REELARENTERNET

By - sy, R e s gl e P o

Fig.4 Certificates of academic awards.
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