Size effects of ultrafine Pt—Ru particles on the electrocatalytic oxidation of
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The specific activity, is,/A m—2 (current density per real
surface area), of Cl-free well-homogenized Pt—Ru particles
at 25 and 60 °C in aqueous acidic solutions has been found
to decrease with a decrease in the size of the Pt—-Ru alloy
particles, and the mass activity, iy.ss/A g1 (current density
per mass of catalyst metal loaded), showed the same
dependency when the size of the alloy particles was < ca. 3
nm in diameter.

For the development of methanol fuel cells,! many investiga-
tions have been made on the catalytic activity of Pt—Ru aloy
electrocatalysts which perform as active anodes for methanol
and carbon monoxide-containing hydrogen.2 Among the vari-
ous factors possibly affecting the catalytic activity of the Pt—Ru
alloy catalysts for methanol oxidation, the dependence of the
Pt—Ru particle size on the catalytic oxidation of methanol, e.g.
the ‘size effect’, is an important factor for recognizing the
fundamental catalytic properties of ultrafine aloy particles. The
size effect of platinum particles of Pt/C catalysts for the
oxidation of methanol has been examined by some research
groups;® however, that for well-homogenized Pt—Ru alloy
particles has not yet been reported. Ultrafine catalyst metal
particles are often more active compared to larger ones probably
due to their higher concentration of low-coordinated surface
metal atoms.

The present investigation has been carried out to clarify the
‘size effect’ for the electrocatalytic oxidation of methanol on
well-homogenized ultrafine Pt—Ru particles supported on a
carbon. The aloy composition used was Ptsg—Rusg, (Pt:Ru =
1:1 mol/mal), since this composition was the most activein the
binary alloy catalyst system.# The Ptsg—Ruso/C catalyst powders
were prepared by an impregnation method with carbon black
powder (Vulcan XC72R; 254 m2 g—1) and ethanolic solutions of
Pt(NO,)2(NH3), and RUNO(NOs),. The combination of these
metal complexes can give well-homogenized aloy particles.4
The decomposition of the metal complexes supported on the
carbon black powder was made in astream of H, + N, at 450 °C
to attain amost complete alloying, while the catalytic activity
for the oxidation of methanol decreased with the preparation
temperature from 200 to 450 °C.4

Fig. 1 shows high-resolution scanning electron micrographs
of Ptsg—Ruso/C catalysts with different loading amounts of the
alloy. The mean size of Ptsc—Rusg, d, determined from these
electron micrographs increases with the amount of catalyst
loading. As shown in Fig. 2, the X-ray diffraction patterns of
these Ptsg—Rusy/C catalysts show that the lattice constant of the
fcc Ptsg—Rusg alloys is amost the same value as measured by
Gasteiger et al. using a bulk Pt4g—Rus, aloy, 0.38624 nm.5

Fig. 3 shows the relationships between the catalytic activ-
ities,® specific activity (is) and the mass activity (imass), for the
oxidation of methanol in 0.5 mol dm—3 H,SO, at 60 °C and the
loading amount of the alloys. Some of the mean particle sizes of
the Ptso—Ruso particles are marked on the figure. It should be
noted that iy, decreases with a decrease in the particle size of
Ptsg—Rusp at al potentials studied, whileinass gives amaximum
value at 40 mass% of alloy loading at all polarization potentials,
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Fig. 1 High-resolution scanning electron micrographs (Hitachi, S-5000) of
Ptso—Ruso/C catalysts with different loadings. Loading amount: (a) 20
mass%, (b) 30 mass%, (c) 50 mass%.
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Fig. 2 XRD patterns of Ptso—Ruso/C catalysts with different loadings.
L oading amount of Pt—Ru and the mean particlesize, d, determined from the
high-resolution SEM: (a) 10 mass% (d = 1.9 A + 0.7 nm), (b) 20 mass% (d
= 21A +0.7nm), (c) 30 mass% (d = 2.7 A + 0.6 nm), (d) 40 mass% (d
= 3.0A £ 0.8 nm), (€) 50 mass% (d = 35 A + 1.0 nm).
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Fig. 3 Dependence of the specific activity (is,) and mass activity (imass) for
the oxidation of methanol on the size of aloy particles of Ptsg—Rusy/C
electrodesin 0.5 mol dm—3 H,S0O, containing 1 mol dm—3 MeOH at 60 °C.
The values of ig, and imass COrrespond to mean quasi-steady state current
densities at 30 min after polarization at each electrode potentials per real
surface area of aloy particles and per mass of aloy particles, respectively.
Open symbols (O, A, O): ig, Solid symbols (@, A, W): i Polarization
potential of the test electrode (vs. RHE): O and @, 400 mV; A and A, 450
mV; O and B, 500 mV.

where d is ca. 3 nm. The fact that the specific activities of the
larger Ptso—Ruso particles are higher than the smaller ones
suggests alarger surface area of aloy particlesis more effective
for the oxidation. A similar size effect was observed in the
experiments at 25 °C. The possible effect of adsorption of the
anion, SO42—, on the oxidation of methanol can be neglected
because similar size effectswere also observed in thereactionin
0.020 mol dm—3 HCIQO,. Since no obvious difference in the
average distance between Ptsg—Ruso particlesin Fig.1 (a)—c) is
found, the ‘size effect’ observed in the catalytic activity is not
caused by the diffusion interference between the spherical
diffusion areas around the aloy particles.3 The findings of this
investigation suggest, at least, that low-coordinated surface
atoms should not be the limiting factor for the electrocatalytic
oxidation of methanol.

In order to clarify the origin of the ‘size effect’ found in this
investigation, the electronic structure and surface alloy compo-
sitioné of the Pt—Ru particles as well as the surface species’ of
OH_q, CO,4 and CHO.y should be characterized. Such informa-
tion; however, concerns the overall properties of the alloy
catalysts. Furthermore, characterization of the exposed crystal
planes® and the precise shapes of the alloy particles and
elucidation of the optimum ensemble of the surface Pt and Ru
atoms?® for the oxidation of methanol are needed as afunction of
particle size.
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