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Atomic-level design of novel catalyst materials for eco-friendly society
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Comprehensive understanding of surface reactions on nano-sized, metal- (alloy), oxide-, and carbon-related materials is essential for developing novel

nanomaterials with superior catalytic properties. Our approach involves (a) preparations of well-defined single-crystal surfaces and nanoparticles of alloys

and metal compounds through vacuum 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 the development 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), online electrochemical mass spectrometry (OLEMS), and scanning electrochemical microscope (SECM) to

clarify the nanomaterial’s surface reactions. Our research accomplishments directly relate to a carbon-neutral society.
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Fig. 1 Schematic illustration for PYHEA/Pt(hkl) fabrication process

Well-defined model catalyst studies
for fuel cells

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, oxygen reduction reaction (ORR) and
hydrogen oxidation reaction (HOR) proceed via cathode and anode,
respectively. For a comprehensive understanding of ORR and HOR
mechanisms, dynamic behaviors of the metal (alloy) nanoparticle
surfaces as well as nanoparticle/support interfaces should be clarified at
an atomic level. In 2023, we fabricated Pt and high entropy alloy (HEA)
lattice stacking layers on Pt(hkl) (hkl = 111, 110, 100) single crystal
substrates in UHV (~107 Pa) by using the APD method as model ORR
catalyst surfaces and discussed the correlation between the topmost
surface atomic structures, initial specific ORR activities, and structural
stabilities by applying potential cycle loadings.
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Fig. 2 Cross-sectional STEM images of Pt/HEA/Pt(hkl) collected
before and after 5,000 PCs-loading
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Fig. 3 ORR activity trends for Pt/HEA/Pt(hkl) under applying
5,000 PCs-loading with and without melamine addition

(O We synthesized Pt/HEA/Pt(hkl)-ORR model catalyst surfaces
through APD of underlaid Cantor alloy (Cr-Mn-Fe-Co-Ni) and surface
Pt layers on Pt(hkl) single crystal substrate surfaces (Fig. 1). The
microstructures and composition ratios of Pt/HEA/Pt(hkl) surfaces
were analyzed by cross-sectional STEM-EDS and XPS. Then, cyclic
voltammetry (CV) and linear-sweep voltammetry (LSV) were performed
in N>-purged and Os-saturated 0.1 M HCIO, respectively, to evaluate
specific ORR activities. Cross-sectional STEM images of the potential-
cycles (PCs)-loaded Pt/HEA/Pt(hkl) surfaces showed enhanced
Z-contrasts induced by the surface Pt-enriched and underlaid Cr-Mn-
Fe-Co-Ni rich layers. The results demonstrated that the ORR properties
of Pt-HEA(hkl) were superior compared with the corresponding Pt-Co
binary surfaces (Pt-Co(hkl)) and that the PCs-loading-induced
separations of the surface Pt and underlaid HEA layers should correlate
the outperformed ORR properties of the Pt-HEA systems through the

formations of the “pseudo-core shell-like structure” (Fig. 2).

(O The ORR activity and structural stability of Pt/HEA/Pt(hkl) surfaces
were evaluated in 0.1 M HCIO, and investigated in 0.1 M HCIO, by
changing the melamine concentrations from 0.01 to 10 uM. The initial
ORR activities for Pt/HEA/Pt(111) and (100) depended upon the melamine
concentrations. For example, the activities for surface modified Pt/HEA/
Pt(111) and (100) by 0.1 uM of melamine addition showed activity
enhancements of ca. x 2, compared with unmodified surfaces. However,
the activity for Pt/HEA/Pt(110) decreased by the melamine addition (Fig.
3). Furthermore, STEM images collected after the 5,000 PCs-loadings
clearly showed that 0.1 uM of melamine addition effectively suppress the
Pt surface degradations induced by the PCs loadings. The results suggest
that an optimization of surface coverages of melamine for Pt/HEA/Pt(hkl)
surfaces is key for improving ORR properties (activity and durability), i.e.,
PEMFCs’ performance.

Research project, award

We have performed NEDO, JSPS KAKENHI, JST PRESTO, and JST
SPRING. Our students have presented 1 paper at international
conferences and 14 papers at domestic conferences and received 1 award.
Furthermore, a doctoral student received a dean’s award for 2022 (Fig. 4).
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Fig. 4 Certificate of academic award
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