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Discovery of high functional sub-nano catalysts for
electrochemical oxygen reduction reaction

('Lab. for Chemistry and Life Science, Science Tokyo) OYangYao Chen,' Tatsuya Moriai,’
Masataka Yoshida,' Takane Imaoka,'! Kimihisa Yamamoto'

Keywords: Electrocatalysis; Sub-nano Particles; Oxygen Reduction Reaction; Arc plasma
Deposition

The development of clean and renewable energy sources is essential to achieve a
sustainable future. An ongoing challenge in fuel cell research is identifying efficient
catalysts for the Oxygen Reduction Reaction (ORR). Based on the previous research in our
lab, Pt subnano particles (SNPs) with the size less than 1 nm are considered as promising
catalysts for ORR.! By taking advantage of the synergy effect between Pt elements and
other support elements,” this research aims to discover Pt based SNPs catalysts with both
high catalytic performance and excellent durability with Arc Plasma Deposition method
(APD); Using the confirmed APD parameters optimized by the QCM sensor, a series of Pt
based binary SNPs with average diameters (around Inm) were successfully prepared by
APD method, characterized and applied to electrochemical testing methods.

The average diameters of the SNPs were analyzed by Annular Dark Field Scanning
TEM (ADF-STEM) and the electronic states were determined by the X-ray photoelectron
spectroscopy (XPS). The electrochemical properties of the SNPs were measured by directly
preparing SNPs on the glassy carbon electrode. The durability of different alloying SNPs
were further investigated through a detailed comparison of XPS and STEM analyses
conducted before and after prolonged ORR processes. Using the aforementioned methods, a
system for evaluating the catalytic performance of bimetallic Pt based SNPs was
successfully established and the synergy effect of the alloying SNPs have been studied.

. .
on A

¢ )

w @

Synthesis of sub-nano catalysts
using Arc plasma deposition

0,+ 4"+ 4H* — 2H,0

STEM observation Electrochemical ORR

1) K. Yamamoto et al., Acc. Chem. Res. 2014, 47,4, 1127-1136. 2) Q. Zou et al., Angew. Chem. Int.
Ed. 2020, 61, 40, €202209675.
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Synthesis and Characterization of Ternary FeRhRu Alloy

Nanoparticles

(‘Graduate School of Science, Kyoto University, ‘Hakubi Center, Kyoto University,
JUltramicroscopy Research Center, Kyushu University., *Graduat ~ School of Engineering,
Kyushu University.) O Shuya Kirihata!, Kohei Kusada'?, Takaaki Toriyama®, Tomokazu
Yamamoto®, Yasukazu Murakami**, Hiroshi Kitagawa!

Keywords: Nanoparticles; Crystal Structure; Alloy

The crystal structure of metals affects their properties such as the catalytic properties
because the electronic structure and surface structure of metals change with their crystal
structures. However, most metals do not have multiple crystal structures. Recently, metal
nanomaterials with unconventional phases have been developed through bottom-up synthesis
methods.! For example, fcc and hep RulrPt solid-solution alloy nanoparticles (NPs) were
selectively synthesized and the hep alloy showed higher catalytic activity than the fcc alloy.?

In this study, we focused on Fe—Ru—Rh alloy system to control the crystal structure
because Fe, Ru, and Rh have bcce, hep, and fee structures, respectively. We synthesized Fe—Ru—
Rh ternary alloy nanoparticles by the liquid-phase reduction method. Then, the obtained NPs
were characterized by scanning transmission electron microscopy (STEM), energy-dispersive
X-ray spectroscopy (EDS), powder X-ray diffraction (PXRD) and X-ray fluorescence (XRF).
Elemental maps suggested successfully mixing the three elements at the atomic level (Figure).
The obtained NPs showed the fcc-rich phase containing 20 % hcp fraction and the composition
of Fe:Ru:Rh was about 1:1:1. We have confirmed the phase transition from fcc-rich structure
to hep and B2 structure by heating. The structural dependence of their catalytic properties for
hydrogen evolution reaction (HER) was investigated in 1M KOH. The fcc-rich alloy NPs
showed higher catalytic activity than the hcp and B2 structured alloy NPs, which were superior
to commercial platinum catalyst.

———20 nm ———20 nm

Figure STEM-EDS Maps of Fe—Ru—Rh ternary alloy before heating
D)K. Kusada and H. Kitagawa, Chem. Rev.,2025, in press, doi: 10.1021/acs.chemrev.4c00368.
2)Zhang. Q, K. Kusada, D. Wu, T. Yamamoto, T. Toriyama, S. Matsumura, S. Kawaguchi, Y.
Kubota, H. Kitagawa, J. Am. Chem. Soc.,2022, 144, 4224.
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Physical properties of tetranuclear metal complex C7,H7,060Ms (M = Fe, Mn) forming
tetrahedra (*Grad. Sch. Adv. Sci. Eng., Hiroshima Univ., ?Grad. Sch. Sci. Tech., Yamaguchi
Univ.,®CResCent, Hiroshima Univ., *SKCM?, Hiroshima Univ., SPRESTO, JST)

OHina Matsumoto®, Chisato Kato', Jun Manabe', Daiki Matsumoto®, Ryo Tsunashima?,
Katsuya Inoue™**, Sadafumi Nishihara'**

We focused on a tetrahedral iron complex, 1-NHy " (Figure 1). 1-NH4 consists of a tetrahedral
structure with four iron ions (Fe’'Fe’';) and six ligands. NH4" is captured inside of the
tetrahedra. Furthermore, the iron ions are located at each vertex of the tetrahedron; thus, spin
frustration can be expected to occur. We synthesized the iron complex capturing CH3;NH;" (1-
CH;NH3;) and also changed the metal ion of tetrahedra to Mn*" (2-NH, 2-CH;3NH3) to observe
changes in structure and physical properties. We compared the symmetry of the complexes,
resulting in a decrease in the symmetry of the tetrahedron in the order 2-CH3;NH3>1-
CH;3;NH;3>2-NH4>1-NHy4. We will discuss the physical properties in detail on the day.

Keywords : Tetrahedral complex, Iron, Manganese, Spin frustration
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1) R. W. Saalfrank, et al., Angew. Chem., Int. Ed. Engl., 1994, 33, 1621-1623.

2) R. W. Saalfrank, et al., Angew. Chem., Int. Ed. Engl., 1990, 29, 311-314.
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Precise synthesis of 3d alloy sub-nanoparticles using a dendrimer template (‘Lab. Chem. Life
Sci., Institute of Science Tokyo,*Institute of Industrial Science, The University of Tokyo,
SFaculty of Engineering, The University of Tokyo, *JST-PRESTO) ORinka Chaki,' Tatsuya
Moriai,' Takamasa Tsukamoto, >** Takamasa Tsukamoto,' Kimihisa Yamamoto'

Sub-nanoparticles (SNPs) with a diameter of approximately 1 nm show unique properties
beyond the extension of the bulk and nanomaterials. However, precisely controlling the
atomicity and elemental composition during the synthesis of alloy SNPs has been a significant
technical challenge. In this work, we focused on the method using a dendrimer as a template
and developed a new system realizing the unification of complexation behavior by optimization
of experimental condition such as metal salts and solvents. In this work, we employed
inexpensive and marketable 3d metals and succeeded in synthesizing alloy SNPs containing of
five elements (Cr, Mn, Fe, Co, and Ni). The oxidation state of the synthesized alloy SNPs was
also evaluated.

Keywords : Subnanoparticle; Dendrimer, Cluster, 3d Metal; Alloy.

KK Inm O 7 2R 1-1x, ERMEICIEA SN2 WRRBRMEZ R 3753, FRICH
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S mEREGLAEY 7T T O EER LT (Fig), STEM Bl X 0¥+ 7F kL
FDARL, EDS O BRI F-NICEB T 5 5 w20 lb il Lz, £7=. &L=
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Energy /keV

Fig.(A) STEM images of the MnsFesCo4Nii2Crs SNPs supported on GNP. (B) Synthesis Scheme
of MnsFesCo4Ni2Crs SNPs (C) STEM/EDS spectra

1) Synthesis of sub-nanoparticles using dendrimers has been reported. T. Moriai, T. Tsukamoto, M.
Tanabe, T. Kambe, K. Yamamoto, Angew. Chem. Int. Ed. 2020, 59, 23051-23055.
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Development of High Performance ORR Catalysts by Size Control of Pt Subnanoparticles
(‘Lab. for Chemistry and Life Science, Science Tokyo) OMayu Kobayashi,' Tatsuya Moriai,'
Takane Imaoka,' Kimihisa Yamamoto!

Our laboratory has achieved the synthesis of various metal sub-nanoparticles (SNPs) with
precisely controlled particle size by using our original dendrimer as a template. In this work,
Pt SNPs of various sizes were precisely synthesized by this method on carbon, and their
physical properties were characterized by STEM observation and XPS measurements.
Subsequently, the particle size dependence of the ORR performance was investigated by
convection voltammogram (LSV) measurements under basic (0.1 M KOH) conditions (Fig. 1).
As the result, both the initiation potential and Mass Activity (MA) of the Ptys and Pteo exceeded
these of the commercial catalyst. Furthermore, we synthesized denser catalysts on carbon and
Pt SNPs on various metal oxide supports aiming for further enhancement of catalytic
performance and durability.

Keywords : Subnanoparticles; dendrimer, platinum; electrochemistry

YRR TIX, MBI LI E S+, 70 R ~—) 28IV
FIEIC K0 R EREECHIE LT x @Y7 R+ O/ E R L T& 72,
AL TIL, ZOFEEH T 2RV A XD Pt 7 ) Rt & FEEICARKR L
Toth, RFBPK LICHEF L, STEM #1230 XPS WIEENDZ O ZiHME L=, £
D%, HLFANEO0.1 MKOH)SRAE FCTOXRA /L ZE 7T ALSVIHIEIZ L > T, P47
7/ b3 7R ORR M DRI FEZ A L7 (Fig.1), £ DFER, Phs « Ptoo 7
F 7 R IV T, BIAREENL & B RIS PE(Mass Activity : MA) IS it O 15 A F
8% Z SICEE Lz, X512, X0 @iEtEo @i e itz B g L, Sst ok
W & B REHE LICB T 5 S EOMBLA P, B4 724 B L IE L To
Pt %7 KA DA 21T - 7o,

LSV(1600 rpm) MA (0.8 V vs. RHE)
1 ; 10 o10
Gl o ° .
538 Pty £ s )
B 1| Ptg f ’
:'{"-'r E- 50
e Ee
; ] Z 4
S 3 . 33
4 @
e S~ =
%ﬂéﬁf_{z‘ . ‘ 2
‘.‘;.l;-\ﬁ !
! - : 0
0 0.2 0.4 0.6 0.8 1 %

Potential (V vs RHE)

Fig. 1. LSV comparison (1600 rpm) and mass activity comparison of 1.1 wt% Pt;2, Pt2s, Pteo, 30 nm
NPs and commercial catalysts in 0.1 M KOH electrolyte in ORR.

1) K. Yamamoto ef al., Nature Chem. 2009, 1,397-402.
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Size-dependent characteristics of magnetic functions in bismuth sub-nanoparticles

(‘Lab. for Chemistry and Life Science, Science Tokyo) O Ryotaro Hashimoto', Tetsuya
Kambe', Tatsuya Moriai', Takane Imaoka', Kimihisa Yamamoto'

While bismuth has been reported to exhibit unique magnetic properties in bulk and nano-sizes,
the magnetic science of bismuth on a sub-nano (approximately 1 nm) size scale has not been
explored. In this work, we focused on the synthesis of bismuth sub-nanoparticles (SNPs) and
their size-dependent magnetic functions.

The SNPs synthesis was carried out using the dendrimer template reduction method?. Metal
salts coordinated to the dendrimer with controlled atomicity were chemically reduced resulting
that it was succeeded in precise synthesis of various bismuth SNPs (Fig.1a). In addition, we
prepared bismuth nanoparticles and bismuth bulk using the same metal salt as adopted to
synthesis SNPs, and investigated the size-dependent magnetic behavior in the sub-nano to nano
-size scale (Fig.1b).

Keywords : Bismuth, Magnetism, Sub-nanoparticles; Nanoparticles
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Fig.1 (a) STEM images and size distribution of bismuth SNPs. (b) Mass magnetic susceptibility as
a function of bismuth size.

1) Synthesis of SNPs using dendrimers has been reported. Bull. Chem. Soc. Jpn. 2006, 79, 511-526.
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Synthesis of Nickel Nanoclusters Using a Thermally Stable Ring-Shaped Polyoxometalate
(School of Engineering, The University of Tokyo, *Graduate School of Science, Tokyo

Metropolitan University) OKakeru Hirao,' Yoshihiro Koizumi,' Kentaro Yonesato,' Soichi
Kikkawa,” Seiji Yamazoe,” Kosuke Suzuki,' Kazuya Yamaguchi'

Nickel nanoclusters have unique electronic and physicochemical properties and are expected
to be applied in a wide range of fields. Although organic ligands and dendrimers have been
used for their synthesis, these methods suffer from the low stability and limited use under high-
temperature conditions. In this study, we used a ring-shaped polyoxometalate (POM) as a
thermally stable inorganic molecular template. After introducing nickel ions inside the ring-
shaped POM in organic solvents, their tetrabutylammonium ions were exchanged with alkali
metal ions. Ni K-edge in-situ XAFS studies revealed the formation of nickel nanoclusters by
reducing them under hydrogen atmosphere at elevated temperature in solid state. The nickel
nanoclusters have high thermal stability owing to the use of the inorganic POM as a template,
and the nanocluster structures were maintained even under reductive conditions above 400 °C.
Keywords : Polyoxometalates, Nickel nanoclusters; Catalysis
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V group metal oxide clusters on base catalytic property

(!Graduate School of Science, Tokyo Metropolitan University, *JST, PRESTO, *Graduate
School of Engineering, Tokyo University,) OSupisara Hongpuek ,* Hideyuki Kawasoko %2
Soichi Kikkawa !, Daiki Yanai 3, Kosuke Suzuki 3, Kazuya Yamaguchi 3, Seiji Yamazoe *
Keywords: Polyoxomethalate; Group V metal oxide cluster; Base catalysis, Knoevenagel
condensation reactions

Polyoxometalates with group V transition metals have been studied as base catalysts for
Knoevenagel condensation (KC) reactions. Very recently, we demonstrated the superbase
catalysis of Lindqvist-type polyoxoniobates, [NbsO19]*", complexed with tetrabutylammonium
(TBA) cations (TBA-Nb6).! From density function theory (DFT) calculations,
polyoxotantalates such as [TasO19]® are expected to show Table 1. Color change of base

a higher negative natural bonding charge than indicators after adding TBA-Nb6 and

polyoxoniobates,” suggesting the higher base catalysis [0

properties of polyoxotantalates than polyoxoniobates. In sample |pK,93 15 | 17.2 | 184 | 265
this study, we synthesized TBA salt of [TasO19]* (TBA-
Ta6) and TBA-Nb6 by the microwave-assisted Blank
hydrothermal method,®! characterized their basic
properties by indicator titration method, and investigated

TBA-Nb6

their base catalytic activities. Table 1 shows the color |ma-Tas
change of indicators (phenolphthalein, 2,4-dinitroaniline,
4-chloro-2-nitro  aniline,  4-nitroaniline, and 4- 100
chloroaniline) after adding the equimolar of the TBA-Nb6 80
and TBA-Ta6 (5 pmol). The results indicate that the
TBA-Nb6 and TBA-Ta6 have basic sites having pK. up
to 26.5. As for the catalytic activity, the TBA-Ta6 was
found to be a homogeneous catalyst of KC reactions at 0
high pK, for benzaldehyde (BA) and nitriles; 4-methoxy . . .

. . Fig. 1. Yield products of KC reaction
phenylacetonitrile (pKa = 23.8), and phenoxyacetonitrile  sing TBA-Nb6 and TBA-Ta6 as
(pK. = 28.1). The TBA-Ta6 showed higher yields in the  catalysts at pKa 28.1 (30°C).

KC reaction at pK, = 28.1 than the TBA-Nb6 (Fig. 1).

These base indicators titration and catalytic reaction suggest the stronger basic properties of
the TBA-Ta6 than TBA-Nb6, consistent with the higher negative natural bonding charge from
the DFT calculations

60

40 i

20

Product yield (%)

TBA-Nb, | TBATa,

1) S. Kikkawa, et al., Angew. Chem. Int. Ed. 2024, 63, €¢202401526. 2) S. Hayashi, N. Sasaki, S. Yamazoe,
and T. Tsukuda, J. Phys. Chem. C. 2018, 112, 29398. 3) M. A. Rambaran, M. Pascual-Borras, and C. A.
Ohlin, Eur. J. Inorg. Chem. 2019, 35, 3913.
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Electrooxidation of glycerol using polyoxometalate-modified nanoparticles (School of
Engineering, The University of Tokyo) OShimon Akino, Kimitake Kawakami, Kosuke Suzuki,
Kazuya Yamaguchi

Glycerol electrooxidation reaction (GEOR) is a process that converts inexpensive and
abundant glycerol into value-added C3 compounds, such as lactic acid and glyceric acid.
Although metal nanoparticles exhibit high catalytic activity toward GEOR, challenges remain
in controlling product selectivity. To address this issue, surface modification of nanoparticles
with ligands can be an effective strategy. In particular, electron-donating ligands are expected
to improve C3 selectivity by enhancing the desorption of C3 intermediates. In this study, we
investigated the uses of polyoxometalates (POMs), anionic molecular metal oxide clusters, as
surface-modification reagents for metal nanoparticles in GEOR. POMs were chosen because
of their high-valent anionic charge, stability under oxidative conditions, and ability to act as
electron-donating ligands. Our evaluation of the catalytic performance of POM-modified metal
nanoparticles in GEOR revealed that POM modification effectively enhanced C3 selectivity.
Keywords : Polyoxometalates; Metal nanoparticles;, Surface modification;, Glycerol
electrooxidation
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