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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
nanomaterials with superior catalytic properties. Our approach to the subjects involves (a) 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; APD) in ultra-high vacuum
(UHV) and (b) electrochemical evaluations of catalytic properties for the UH V-prepared nanostructural catalyst models aimed at developments of practical
electrocatalysts. We have routinely used UHV-MBE, UHV-APD, scanning probe microscopy (SPM), scanning transmission electron microscope combined
with energy dispersive X-ray spectroscopy (STEM-EDS), X-ray photoelectron 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 nanomaterial’s surface reactions. Our research accomplishments directly relate to a true zero-carbon society.
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Well-defined model catalyst studies
for fuel cells

Pt-based alloy nanoparticles are utilized as catalysts for cathodes and
anodes of proton exchange membrane fuel cells (PEMFC). Under the
operating condition of a PEMFC, hydrogen oxidation reaction (HOR)
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and oxygen reduction reaction (ORR) proceed at the anode and cathode,
respectively. Particularly, conventional Pt-based anode catalysts (Pt/C)
generate hydrogen peroxide (H»0,), which deteriorates the polymer
electrolyte membrane; therefore, the simultaneous accomplishment of
high HOR activity and suppressed H,O- generation is required for the
anode catalyst of the next generation. In 2022, we fabricated model
anode catalysts in UHV (<107 Pa) and discussed the correlation between
the topmost surface atomic structures and catalytic properties for a
comprehensive understanding of reaction mechanisms.

(O The topmost surface atomic ratios of Ru/Ir(111) were controlled via
changing the Ir(111) substrate temperature during the deposition of a
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one-monolayer-thick Ru. Low-energy ion scattering spectroscopy
estimated the surface Ru/Ir ratio to be 1:1 (673 K), 1:2 (773 K), and 1:4
(873 K). HOR activity of Ru/Ir(111) correlated with the probability of Ir,
and/or Ir; ensemble sites, indicating that the Ir sites directly contribute
to the HOR. In contrast, the H,O, generation property of Ru/Ir(111) was
similar to clean Ir(111) and under the detection limit, while clean
Ru(0001) generated H,O,. The results suggest that the Ir surface sites are
responsible for the reduction of H,O, generation (Fig.1).

(O The cooperation of Pt nanoparticles and WO; located nearby is reported
to be effective for suppression of H,O, generation during PEMFC power
generation. Therefore, WO,-vacuum-deposited Pt(111) (WO,/Pt(111)) was
used as an anode model catalyst, and their H,O, generation behaviors were
investigated. XPS results showed that oxidation states of surface WOy
changed by the potential cycles (PCs), but the H,O, generation remained
suppressed even under application of the PCs. (Fig.2)

Tantalum nitride electrode for
ozone water generation

Because effective ozone generation electrodes are crucial for practical
applications of wastewater treatments, food washing, etc., effective
electrode materials are desired to generate the ozone. Therefore,
tantalum nitride/platinum (TaN/Pt) electrodes were fabricated through
an arc-plasma deposition of Ta on a Pt substrate at 900°C under partial
pressure of 0.1Pa-N, as ozone generation electrode. The generation
efficiencies of TaN/Pt evaluated in 0.5 M H,SO, at 3.7 V vs. RHE were
1% to more than 20%, depending upon the crystal structures of TaN.
Particularly, an NaCl-type TaN/Pt electrode showed the highest
efficiency of 21.5%. The results indicate that the TaN thin film electrode
with NaCl-type crystal structure, is essential for developing a practical
ozone-generation electrode (Fig.3).

Research project, award

We have performed NEDO, JSPS KAKENHI, JST PRESTO, and JST
SPRING. N. Todoroki received Murakami Memorial Foundation
encouragement awards. Our students have presented two papers in
international conferences and 15 papers in domestic conferences and
received one award (Fig.4).
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Fig.2 XPS (left) and HOR and H.O- generation properties of WOx / Pt(111) (right)
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Fig.3 XRD Patterns (left) and Os; Generation properties of TaN / Pt

Fig.1 HOR and H»O: generation properties of Ru/Ir(111) Fig.4 Certificate of academic award
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