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The kinetically controlled area-specific activities, jk, for the oxygen reduction reaction (ORR) were evaluated at
well-defined Pt-skin/Pt100−xCox(111) single crystal electrodes as a function of Co content by use of the rotating
disk electrode method. The Pt-skin layer formed by annealing under a pure H2 atmosphere was clarified to con-
sist of atomicallyflat terraceswith the same atomic arrangement as the underlying crystal. At 25 atom%-Co, the jk
value reached amaximum as high as 3.0 mA cm−2 at 0.9 V vs. RHE, which is ca. 25 times larger than that on pure
Pt(111). Such an enhanced ORR activity of Pt-skin/Pt–Co(111) electrodes cannot be explained on the basis of de-
creased OH poisoning, because the surface oxidation charge densities measured at 0.9 V in N2-purged solution
were nearly constant.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Development of highly active cathode catalysts for the oxygen re-
duction reaction (ORR) is one of themost important subjects to achieve
high efficiency with a reduced amount of Pt for polymer electrolyte fuel
cells (PEFCs). Pt-based alloy catalysts, Pt–M (M_Fe, Co, Ni, Mn, Cr, V,
etc.) have been reported to exhibit higher kinetically controlled current
density (area-specific activity) for the ORR, jk, than that of Pt [1–8].
Based on multi-technique analyses on polycrystalline planar alloy elec-
trodes, we first clearly demonstrated that nonprecious metal elements
in Pt–Fe, Pt–Co, and Pt–Ni were dissolved in acidic solution, followed
by a spontaneous formation of a Pt-skin layer with a modified electronic
structure on the alloy surface, resulting in increases in jk [9,10]. In prac-
tical PEFCs, Pt-based nanoparticles dispersed on carbon supports have
been employed in the catalyst layers. The surfaces of the nanoparticles
usually consist of low-index crystal facets such as (111) and (100). It
has been well recognized that the jk value for Pt strongly depends on
the crystal facet exposed [11]. Stamenkovic et al. have reported that
the (111) plane exhibited the highest enhancement of jk among the
low-index crystal facets of the identical composition of Pt3Ni alloy single
crystals [12]. It has also been reported that Pt-enrichedM/Pt(111)model
electrodes (M_Ni, Co, Cu) exhibited similar enhanced jk values, by a fac-
tor of about ten, comparedwith that of a pure Pt(111) electrode [13–18].

However, to our knowledge, the dependence of jk on the alloy com-
position has not been demonstrated for well-defined alloy single

crystals,most likely due to thedifficulty in preparing alloy single crystals
with controlled composition. Recently, we have established a facile
method for the preparation of Pt–Co alloy single crystals with desired
Co content without the use of an ultrahigh vacuum (UHV) system [19].
The present results, which were partially reported in preliminary form
[20], include the evaluation of the jk values for the ORR at Pt-skin layers
formed on Pt100−xCox(111) single crystal electrodes in air-saturated
0.1 M HClO4 solution as a function of Co content x by using the rotating
disk electrode (RDE) method. It was found that the jk value at 0.9 V
reached a maximum as high as 3.0 mA cm−2 at x = 25 atom%, which
is ca. 25 times higher than that on a pure Pt(111) electrode.

We also examined the OH coverages for the various Pt-skin-covered
alloy surfaces, finding near constancy of the coverage at 0.9 V vs. RHE
with increasing Co content, which suggests that the conventional view
of the ORR catalysis must be modified.

2. Experimental

Thepreparationmethod of Pt–Co single crystal beads (solid solution)
with desired Co contents (within an error of ±2 atom%) has been
described in our previous work [19]. The crystal quality was checked
by the appearance of (111) facets on the crystal bead surface in proper
positions and conventional X-ray diffraction. The alloy crystals, as well
as pure Pt crystal, were shaped into disk electrodes of ca. 3.5 mm in
diameter and 1 mm in thickness for the RDE measurements. Prior to
each electrochemical measurement, the alloy single crystal surface was
freshly prepared by heating to 1223 K and subsequently cooling to
room temperature under an atmosphere of pure H2 (ZERO-A, Sumitomo
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Seika, Japan) with an infrared lamp (MILA-5000PN, ULVAC, Japan). As
described in Section 3.1, this heat treatment resulted in the formation
of an atomically flat Pt-skin layer on each of the Pt–Co alloy single crys-
tals. Then, the disk electrode was embedded in a Teflon sleeve and sub-
jected to the RDE measurement in 0.1 M HClO4 solution saturated with
synthetic ultrahigh-purity air (ZERO-U, Sumitomo Seika, Japan). The
0.1 M HClO4 electrolyte solution was prepared from HClO4 (Suprapur,
Kanto Chemicals, Japan) and Millipore-Q water. A reversible hydrogen
electrode (RHE) was employed as the reference electrode. All the elec-
trode potentials in the present paper referred to the RHE.

The low-energy electron diffraction (LEED, ErLEED100, SPECS,
Germany) and low-energy ion scattering (LEIS, Model 1800C, ULVAC-
PHI, Japan) measurements were performed in a UHV analysis chamber.
Prior to the measurements, the Pt–Co alloy single crystal electrode was
annealed in the same manner as described above under a H2 atmo-
sphere in a separate stainless steel chamber. The Pt–Co single crystal
was then transferred to the UHV analysis chamber via a transfer vessel
without exposing the electrode surface to air in order to maintain
the surface structure and composition. In situ scanning tunneling mi-
croscopy (STM) observation of the surface was performed by use of a
Nanoscope E (Veeco). The procedure of in situ STM observation has
been described in the literature [21].

3. Results and discussion

3.1. Characterization of Pt-skin layer on Pt–Co(111)

Figure 1a shows LEIS spectra for a Pt80Co20(111) surface before and
after the heat treatment in H2. The Co signal around 280 eV disappeared

after the heat treatment, indicating the formation of a Pt-skin layer on
the Pt–Co(111). The LEED pattern (Fig. 1b) demonstrated a hexagonal
(1 × 1) structure of the Pt-skin layer. Furthermore, we have observed
atomically flat terraces of the Pt-skin layer in N2-purged 0.1 M HClO4,
as shown by an in situ STM image in Figure 1c. It should be emphasized
that the STM image exhibits no corrugations in height caused by a lattice
mismatch between the Pt-skin layer and the underlying Pt–Co(111)
alloy. On the basis of these results, we conclude that the Pt-skin layer
formed consists of atomically flat terraces with the same atomic ar-
rangement as the underlying crystal.

3.2. Electrochemical behavior of the Pt-skin layer on Pt–Co(111) surfaces

Figure 2a shows cyclic voltammograms (CVs) of Pt-skin/
Pt100−xCox(111) single crystal electrodes at various Co atom%, x, in
N2-purged 0.1 M HClO4 solution. We have conducted the CV measure-
ments in a hanging-meniscus configuration with careful attention to
exposing only the (111) plane to the solution. The CVs demonstrate
the atomically flat (111) terrace of Pt-skin layers with a smaller peak,
ascribed to (110) steps, at 0.13 V than those previously reported
in Refs. 19 and 20. As compared to the CV of pure Pt(111), dramatic
changeswere observed in both the hydrogen underpotential deposition
(HUPD) and surface oxidation of the Pt-skin/Pt–Co(111) electrodes. The
HUPD wave shifted to less positive potentials, and the HUPD charge,
QHUPD decreased almost linearly with increasing x [22]. Similar phe-
nomena have also been reported for the Pt3Ni(111) single crystal and
Pt-enriched M/Pt(111) model electrodes [12–18]. Because the number
of surface Pt sites on the Pt-skin was unchanged, such a decrease
in QHUPD can be ascribed to the modified electronic structure of the
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Fig. 1. (a) LEIS spectra for a Pt80Co20(111) electrode before and after the heating under H2 atmosphere. Incident Ne+ ion energy and scattering angle were 1000 eV and 136°. (b) A LEED
pattern for the Pt80Co20(111) electrode after the H2-heating. Incident electron beam energy was 133 eV. (c) An in-situ STM image of a Pt78Co22(111) electrode surface prepared by the
H2-heating at 0.1 V in N2-purged 0.1 M HClO4. The set point current and tip potential were 1.6 nA and 0.2 V, respectively.
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