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ABSTRACT: We have developed a new catalyst supported on
graphitized carbon black (GCB), which exhibits higher
resistance to carbon corrosion than a conventional carbon
black (CB), in order to favor both high mass activity for the
oxygen reduction reaction (ORR) and high durability. To
protect the underlying PtXCo alloy from corrosion and
maintain the modified electronic structure, two monolayers
of Pt-skin layer (Pt2 ML) were formed on the PtXCo core-
particles, which were of uniform size and composition.
Characterization of the Pt2 ML−PtCo(X = 1)/GCB, both by
a scanning transmission electron microscope (STEM) with an energy dispersive X-ray (EDX) analyzer and by X-ray diffraction
(XRD), indicated the formation of the Pt2 ML on the PtCo alloy solid solution nanoparticles. The temperature dependence of the
ORR activity of the Pt2 ML−PtCo(2 nm)/GCB catalyst was evaluated from the hydrodynamic voltammograms in O2-saturated 0.1
M HClO4 solution at 30−90 °C by the channel flow double electrode (CFDE) technique. It was found that the Co dissolution
from PtCo particles during the ORR was considerably suppressed by the stabilized Pt-skin structure. The kinetically controlled
mass activity (MAk) for the ORR at the Pt2 ML−PtCo(2 nm)/GCB at E = 0.85 V vs reversible hydrogen electrode (RHE) was
about two times larger than that for a standard commercial c-Pt/CB catalyst at 80−90 °C. The value of H2O2 yield at the Pt2 ML−
PtCo(2 nm)/GCB was found to be very low (0.2%), about one-half of that for c-Pt/CB, and it is thus better able to mitigate the
degradation of the polymer electrolyte membrane and gasket material.
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■ INTRODUCTION
Polymer electrolyte fuel cells (PEFCs) have been developed
intensively for applications in fuel cell electric vehicles (FCEVs)
and residential cogeneration systems. At present, the cathode
catalysts of PEFCs require an appreciable amount of costly
platinum or its alloys, due to the slow kinetics of the oxygen
reduction reaction (ORR) in an acidic environment at low
operating temperatures <100 °C. For reasons of cost and
supply limitation related to near-term large-scale commercial-
ization, it is very important to reduce the amount of Pt by
developing new catalysts, coping with both high ORR activity
and high durability.
The mass activity (MA) of a Pt-based catalyst for the ORR is

defined as follows:
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where jS is the specific activity (current density per active
surface area) for the ORR and ECA is the electrochemically
active surface area. It has been reported for planar electrodes in
acid electrolyte solutions that the values of jS were enhanced at
Pt alloyed with nonprecious metal elements such as Fe,1−5

Co,1,3,5−10 Ni,1,3,4,6−9,11−13 Mn,1 Cr,6−8,10,14,15 and V.16 We first

demonstrated that nonprecious metal elements in Pt−Fe, Pt−
Co, and Pt−Ni alloys were leached out in acidic solution,
followed by a spontaneous formation of a “Pt-skin layer” with a
modified electronic structure on the alloy surface, resulting in
the increase in the ORR activity.2,3,12,17−23

To increase the ECA, it is usually effective to disperse Pt or
Pt-alloy nanoparticles on high surface area supports such as
carbon black (CB). We also succeeded in preparing
monodisperse PtXCo (atomic ratio X = 1, 2, and 3) alloy
nanoparticles supported on CB with well-controlled particle
size and alloy composition by the nanocapsule method
(denoted as n-PtXCo/CB).

24−26 It was found in the temper-
ature range from 30 to 70 °C that the value of apparent rate
constant κapp (per actual active surface area, a measure of jS) for
the ORR at X = 3 (d = 1.9 nm) was comparable to that for a
Pt68Co32 thin film electrode, which was higher by a factor of 2.2
than that for a commercial standard Pt/CB (d = 2.6 nm,
denoted as c-Pt/CB), corresponding to an increase in the MA
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by 3 times.25 However, the κapp values at both a bulk Pt68Co32
electrode and PtXCo/CB were found to decrease with
increasing temperature above 70 °C and settled to nearly the
same values as those for bulk Pt or c-Pt/CB.19,25 It was
concluded that the deactivation in the ORR could be ascribed
with certainty to a dealloying of the nonprecious metal
component (Co) in the hot acid solution, resulting in a thick
Pt layer with bulk Pt-like properties. We consider that an
essential point is the control of the formation of a stable,
uniform, and thin Pt-skin layer, which can protect the
underlying alloy from corrosion and maintain the modified
electronic structure.
As an alternative way to further reduce the amount of Pt for

the cathode catalyst, Adzic et al. have proposed Pt monolayer
(PtML) catalysts, which consist of a PtML (equivalent to Pt-skin
monolayer) deposited on core particles of Au, Pd, or Pd-alloys
supported on CB.27−30 In the preparation process, a monolayer
of Cu (CuML) was under-potentially deposited (UPD) on the
core particles, followed by the galvanic displacement of the
CuML with a PtML. These catalysts indeed exhibited high MA
values for the ORR, e.g., about 3 to 5 times higher than that for
c-Pt/CB. However, we must note two major drawbacks of these
catalysts, i.e., an inherent dissolution of the Pd-core
component, which decreases the durability, and the recent
increase in the cost of Au (comparable to that of Pt). It is also
difficult to cover the core-particles with the PtML uniformly
even by use of such a synthetic method.
The durability of all of these catalysts (Pt-alloys or PtML-

core) are, however, insufficient, because they have been
supported on a CB such as Ketjenblack EC or Vulcan XC-72.
It has been found that the c-Pt/CB cathode catalysts are
severely degraded due to carbon corrosion at high potential,
particularly during start−stop cycles or fuel starvation.31−34 The
corrosion of the carbon support leads to Pt catalyst particle
sintering (agglomeration) and detachment from the sur-
face,35−41 as well as decreased integrity of the electronic
conduction network in the catalyst layer, resulting in decreased
ECA. Recently, we have succeeded in preparing monodisperse
Pt nanoparticles supported on a graphitized carbon black
(GCB), which exhibits higher resistance to carbon corrosion
than a conventional CB, by the nanocapsule method (denoted
as n-Pt/GCB).42 We found that the n-Pt/GCB exhibited higher
durability than those for c-Pt/CB and a commercial Pt/GCB
(c-Pt/GCB), while maintaining a high MA, comparable to that
for c-Pt/CB. Compared with the c-Pt/GCB, in which the Pt
particles are segregated on the edges or grain boundaries of the
GCB, n-Pt/GCB exhibited a remarkable advantage in
mitigating both the GCB corrosion and the coarsening of the
Pt. The most important factor leading to the high durability and
high MA for the cathode catalysts was found to be the highly
uniform distribution of monodisperse Pt nanoparticles over the
whole surface of the GCB support, to which our nanocapsule
method has contributed greatly.43,44

In the present research, we have developed a new catalyst
with both high MA for the ORR (like n-PtXCo/CB) and high
durability (like n-Pt/GCB). To protect the underlying PtXCo
alloy from corrosion and maintain the modified electronic
structure as stated above, we have deposited two monolayers of
Pt-skin layer (Pt2 ML) on PtXCo core-particles (with uniform
size and composition) and supported the Pt2 ML−PtXCo on
GCB using a modified nanocapsule method. It was found that
such a Pt2 ML-skin layer indeed contributed greatly to increasing
both the MA and the durability of the new catalyst.

■ DESIGN OF STABILIZED Pt-SKIN LAYERS ON
Pt−Co CORES HIGHLY DISPERSED ON GCB
CATALYSTS

We have designed the stabilized Pt-skin layer/Pt−Co-core
cathode catalyst in order to maintain both high MA and high
durability, taking the stable structure of the catalyst particle,
particle size, monodisperse state, and the GCB support material
into account. First, we estimated the dependences of the MA
on the size and composition of the catalyst particles. Assuming
that the Pt−Co core particles have an ideal cuboctahedral shape
and uniform alloy composition, we can calculate the number of
atoms, Ncore, contained in the core particle with the number of
layers, Lcore, from the following equation:45,46
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As a measure of the particle size, we calculate dcore for a
sphere having Ncore atoms:
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where aPtCo is the lattice constant of the Pt−Co alloy.
Second, we considered the thickness of the stabilized Pt-skin

layer prepared on the Pt−Co core particles. In order to reduce
the total amount of Pt used and enhance the electronic
modification effect by the underlying alloy, the Pt-skin layer
should be prepared as thin as possible, i.e., a monolayer of Pt-
skin (PtML) is ideal. However, because the PtML cannot
completely cover the Pt−Co core, considering defect sites
(steps, kinks, pits, or islands) on the top surface, the PtML−Pt−
Co is not so durable. Therefore, we have decided to prepare
two monolayers of Pt-skin (Pt2 ML) on each core particle
uniformly.
In our previous work,25 it was found that Pt−Co alloy

particles prepared by the nanocapsule method were in solid
solution form, with a face-centered cubic (fcc) structure, but
the change in the lattice constant of Pt−Co was smaller than
that expected from Vegard’s Law. This is because pure cobalt
metal has a hexagonal closest packing (hcp) structure. The
lattice constant of the Pt50Co50 alloy (50 atom % Co) was
found to be smaller than that of pure Pt by only 3%. Here, we
adopted aPtCo = aPt as the approximation that Pt2 ML is formed
epitaxially on the Pt−Co core, without any lattice mismatch.
Then, we can calculate the total number of atoms, Ntotal,
contained in the Pt−Co core covered with Pt2 ML (Pt2 ML-Pt−
Co) by substituting Ltotal = Lcore + 2 into eq 2. The amount of
Pt contained in the whole particle (Pt2 ML + Pt in Pt−Co) can
be thus calculated from eq 2. We also calculate the particle size
of Pt2 ML−Pt−Co, dtotal, for the sphere having Ntotal atoms
similarly based on eq 3.
Next, we estimated the MA based on eq 1. Regarding the jS

for the Pt2 ML−Pt−Co, we have employed an enhancement
factor compared with that of the c-Pt/CB (50 wt % Pt, d = 2.6
nm), js/js(Pt/CB), ranging from 1.5 to 3.0 based on our results.25

The value of ECA of the catalyst was calculated as the ideal
specific surface area for spherical particles with size dtotal. Figure
1 shows the enhancement factor of the mass activity compared
with that of the c-Pt/CB, MAPt‑PtCo/MAPt, as a function of dtotal
with the alloy core composition of PtXCo (X = 1 and 1/3). The
values of MAPt‑PtCo/MAPt, of course, increase with decreasing
dtotal. For example, at dtotal = 2.5 nm, X = 1, and js/js(Pt/CB) = 3.0,
we can expect an MA of a factor of 3.6 higher than that for c-
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Pt/CB. A decrease in Pt content in the alloy-core from X = 1 to
1/3 could increase the value of MAPt‑PtCo/MAPt by a factor of
ca. 1.2, but such a gain may be canceled by a decrease in the
corrosion-resistance of the Co-rich alloy.25 Therefore, we have
first examined the use of PtCo (X = 1) particles as cores in the
present research.
To increase the durability of the catalysts, the following

factors should be taken into account. In addition to the use of
the GCB support with higher resistance to carbon corrosion,
the catalysts should be dispersed uniformly on the GCB
support to reduce the corrosion current density (per area of
GCB support covered with the catalysts).42,44 Sufficient
interparticle distance of the catalyst nanoparticles is effective
in suppressing the coarsening by either sintering or so-called
“electrochemical Ostwald ripening”. It has also been reported
that the monodisperse state of catalyst nanoparticles as in n-Pt/
GCB42,44 is effective in slowing down such degradation
rates.47−49

■ EXPERIMENTAL SECTION
Preparation of Stabilized Pt-Skin Layers on PtCo-Core

Nanoparticles. Scheme 1 illustrates a preparation protocol of a
stable Pt-skin layer on PtCo alloy nanoparticles highly dispersed on
graphitized carbon black (GCB) by a modified nanocapsule method,
i.e., preparation of PtCo-core nanoparticles and formation of a
stabilized Pt-skin layer on them, followed by supporting on GCB. First,
the PtCo alloy nanoparticles were prepared by the nanocapsule
method.24,26 The chemical composition of the PtCo alloy and the
particle size were controlled in the same manner as that described
previously.26 Platinum acetylacetonate, Pt(acac)2, and cobalt acetyla-
cetonate, Co(acac)3, were dissolved in a mixed solvent of 1,2-
hexadecanediol and diphenylether. The mixture was heated at 110 °C
for 20 min in N2 atmosphere with magnetic stirring, followed by the
addition of a given amount of surfactant (oleic acid and oleylamine).
The molar ratios of metal salts to surfactant (M/S) were adjusted to
0.1 and 0.5 in order to form PtCo particles with dcore of 2 and 3 nm,
respectively.26 The temperature was elevated to 220 °C and
maintained constant for 30 min. Then, the reducing agent LiBEt3H
was added dropwise into the mixture, followed by refluxing at 270 °C
for 30 min. The suspension, consisting of PtCo alloy nanoparticles
protected by organic surfactants, was cooled to room temperature.
In the second step, a stabilized Pt-skin layer was formed on the

PtCo-core nanoparticles. A given amount of Pt(acac)2, corresponding
to Pt2 ML on the PtCo-core, was enclosed by the surfactant (oleic acid
and oleylamine) and mixed with the suspension of PtCo-core

nanoparticles. After thorough magnetic stirring under N2 atmosphere,
LiBEt3H was added to form Pt2 ML on the PtCo core, in a similar
manner to that described above. In another flask, GCB powder
(specific surface area = 150 m2 g−1) was ultrasonically dispersed into
diphenylether at ca. 30 °C. The mixture obtained above (Pt2 ML−PtCo
nanoparticles protected by organic surfactants) was added dropwise
into the GCB suspension, followed by elevating the temperature in a
similar manner to that described previously.26

Finally, the mixture was cooled to room temperature and filtered.
The powders were dried in vacuum and were heat-treated to remove
the organic moieties completely.26 For comparison purposes, PtCo/
GCB (without stabilized Pt2 ML), n-Pt3Co/GCB, and n-Pt/GCB
catalysts were prepared by the conventional nanocapsule method.

Characterization and Electrochemical Measurement of the
Catalysts. The Pt2 ML−PtCo/GCB and PtCo/GCB catalyst powders
thus prepared were characterized by X-ray diffraction (XRD, Rigaku
RINT2000) with Cu Kα radiation (50 kV, 300 mA) and spherical
aberration (SA)-corrected scanning transmission electron microscope
(STEM, Hitachi HD-2700, acceleration voltage = 200 and 80 kV) with
an energy dispersive X-ray analyzer (EDX, Bruker Quantax). The
minimum electron probe size for the observation was 0.2 nm. The
loaded amounts of the metal catalysts on GCB support were quantified
from the weight loss by combustion of the GCB at 600 °C in air.

Temperature dependences of the kinetically controlled ORR
activities (jk or MAk) and H2O2 yield, P(H2O2), on the Pt2 ML−
PtCo/GCB catalysts were examined with use of the channel flow
double electrode (CFDE) technique.19,50,51 The CFDE cell includes a
pair of planar electrodes: Au as the working electrode (flow direction
length 1 mm × width 4 mm, geometric area 0.04 cm2) and Pt as the
collecting electrode in an electrolyte solution flow channel. From the
hydrodynamic voltammograms under various laminar flow rates of the
O2-saturated 0.1 M HClO4 electrolyte solution, we evaluated the jk
values at the working electrode, while the P(H2O2) values were
quantified at the collecting electrode, located downstream of the
working electrode. In addition to the Pt2 ML−PtCo/GCB, n-Pt/GCB
(47.9 wt %-Pt, dSTEM = 2.8 ± 0.4 nm) and n-Pt3Co/GCB (45.6 wt
%-metal, dSTEM = 3.2 ± 0.5 nm) catalysts, prepared by the nanocapsule
method,24,26 and c-Pt/CB (TEC10E50E, Tanaka Kikinzoku Kogyo, d
= 2.6 nm) were employed for comparison purposes. The working
electrode consisted of each catalyst uniformly dispersed on the Au
substrate electrode at a constant loading of carbon support, 5.5 or 11.0
μg cm−2, corresponding to one or two monolayers of catalyst
supported on carbon, which enables an ideal, uniform flux of O2 to be
supplied to all of the catalyst agglomerates, with negligible

Figure 1. Enhancement factor of the mass activity compared with that
for c-Pt/CB (50 wt % Pt, d = 2.6 nm), MAPt‑PtCo/MAPt, as a function
of dtotal with the alloy core composition of PtXCo (X = 1, solid
symbols; X = 1/3, open symbols). The enhancement factor compared
with that for c-Pt/CB, js/js(Pt/CB), was chosen as the parameter to be
1.5, 2.0, and 3.0. The particle diameter of PtXCo, dcore, ranging from
1.6 to 3.0 nm corresponds to the number of layers, Lcore, from 4 to 7
(see eqs 2 and 3).

Scheme 1. Illustration of the Preparation Protocol of the
Pt2 ML−PtCo/GCB and PtCo/GCB Catalysts
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depletion.51,52 Nafion film was coated on the catalyst layer with an
average film thickness of 0.1 μm, which is thinner than the critical
value reported for the ORR.52 The Nafion-coated electrode was dried
under nearly ethanol-saturated air at room temperature. Finally, the
Nafion-coated electrode was heated at 130 °C for 30 min in air.
A Pt wire was used as the counter electrode. A reversible hydrogen

electrode, which was maintained at the same temperature as that of the
cell (t, °C) [denoted as RHE(t)], was used as the reference electrode.
Hereinafter, all potentials will be referred to the RHE(t). Prior to the
ORR measurements, Nafion-coated working electrodes were electro-
chemically stabilized by repetitive potential sweeping (typically 20
times) between 0.05 and 1.00 V in 0.1 M HClO4 solution purged with
N2 gas. The purified electrolyte solution of 0.1 M HClO4

53,54 was
saturated with O2 or N2 gas by bubbling for at least 1 h prior to the
electrochemical measurements. Hydrodynamic voltammograms at the
working electrode under a flow of O2-saturated 0.1 M HClO4 solution
(mean flow rate, 10−36 cm s−1) were recorded by scanning its
potential from 0.3 to 1.0 V at 0.5 mV s−1. We have chosen the present
experimental conditions carefully,50−52 because it has been reported
that the values of jS or MA evaluated at 0.90 V on various catalysts at
conventional scan rates of 5 to 20 mV s−1 for the positive-going scan
decreased with decreasing scan rate.55 By the use of the present slow
scan rate (0.5 mV s−1), together with the use of highly purified
electrolyte solution, we confirmed that the current hysteresis of the
positive-going and negative-going scans was negligibly small; i.e., we
were able to observe the intrinsic activity of the catalyst examined
under steady state condition.50 To detect H2O2 emitted from the
working electrode, the potential of the collecting electrode was set at
1.2 V. The collection efficiency (N) for the collecting electrode in the
present CFDE was experimentally determined to be 0.28 ± 0.01.

■ RESULTS AND DISCUSSION
Characterization of PtCo(2 nm)/GCB and Pt2 ML−

PtCo(2 nm)/GCB Catalysts. Figure 2 shows XRD patterns of

the PtCo(2 nm)/GCB, Pt2 ML−PtCo(2 nm)/GCB, and n-Pt/GCB
powders. XRD patterns of the PtCo(3 nm)/GCB and Pt2 ML−
PtCo(3 nm)/GCB are also shown in Figure S1 of the Supporting
Information. The broad peak at 2θ = ca. 25° for all samples was
assigned to the (002) plane of GCB. The diffraction peaks of
PtCo(2 nm)/GCB and PtCo(3 nm)/GCB identically shifted to

higher angles than those of the fcc phase of pure Pt. No extra
peaks assigned to Co or Co oxides nor those for the ordered
alloys (PtCo or Pt3Co) were identified. The average lattice
constant of the PtCo catalyst calculated from (111), (200),
(220), and (311) was 380 pm, which is smaller than that of
pure Pt (392 pm) by ca. 3% and consistent with that of n-
PtCo/CB.25 Hence, the PtCo particles thus prepared are
confirmed to be the solid solution with fcc structure. The
diffraction peaks at the Pt2 ML−PtCo(2 nm)/GCB were located
between those for the PtCo(2 nm)/GCB and pure Pt, and the
shape of each peak was asymmetric. A similar XRD pattern was
observed for Pt2 ML−PtCo(3 nm)/GCB. We will discuss the XRD
patterns of the new catalysts later.
Figure 3 shows STEM bright-field images of the PtCo(2 nm)/

GCB and Pt2 ML−PtCo(2 nm)/GCB catalysts. High-angle
annular dark-field (HAADF) images of the identical observa-
tion field are also shown in Figure S2 of the Supporting
Information. The particle size distribution histograms among
ca. 500 particles are also shown, based on the number of
particles and the volume of particles in Figure 3B,E and C,F,
respectively. Typical properties of these catalysts are
summarized in Table 1. As reported previously, it is usually
difficult to disperse Pt-based nanoparticles uniformly on GCB
supports, which typically have smaller specific surface areas than
those of the CBs; for example, many Pt particles were
segregated on the edges or grain boundaries of the GCB
support for a commercial c-Pt/GCB.42−44 In contrast, similar to
the case of n-Pt/GCB42−44 or n-PtXCo/CB,

25,26 the nano-
capsule method enables us to disperse the PtCo(2 nm)-core
particles uniformly on the GCB support with a fairly narrow
size distribution. The average particle size (dSTEM = 2.0 nm,
based on the number of particles) was very close to that
projected with a monodisperse state (very small standard
deviation, σd = 0.2 nm). As shown in Figure S3 (Supporting
Information), monodisperse PtCo(3 nm)-core particles were also
prepared with dSTEM = 2.9 ± 0.2 nm on the GCB support. The
composition of individual particles was analyzed by EDX for 20
particles randomly selected from each catalyst. The analyzed
values of average composition of 46.5 atom %-Pt for PtCo(2 nm)
and 50.5 atom %-Pt for PtCo(3 nm) were found to agree well
with the starting atomic ratio of Pt−Co = 50:50 used for the
preparation. The standard deviation in the composition among
particles (σcomp) was less than 3.3 atom % for both catalysts.
Thus, monodisperse PtCo-core particles were successfully
prepared with well-controlled average size (dSTEM = 2 and 3
nm) and alloy composition.
It was found in Figure 3E that the Pt2 ML−PtCo(2 nm)/GCB

catalyst consisted of two kinds of particles with different dSTEM
of ca. 3 nm (major peak) and 1.5 nm (minor peak). The former
particles contained Pt and Co, whereas the latter were identified
to be pure Pt (without Co) by EDX. The fraction of minor
small Pt particles (dSTEM < 2 nm) was about 29% of the total
number of particles. However, the volume fraction of such
small Pt particles was only 4% of that for the whole set of
particles (Figure 3F). A similar trend was seen for Pt2 ML−
PtCo(3 nm)/GCB in Figure S3, Supporting Information. The
value of dSTEM of the major large particles (more than 350
particles) was found to be 3.0 ± 0.4 nm, in good accord with
that expected for the formation of the Pt2 ML on the PtCo(2 nm)-
core particles (see Figure 1). A similar increment in the dSTEM
by 1 nm was seen for the preparation of the Pt2 ML on the
PtCo(3 nm). It was also found for Pt2 ML−PtCo(2 nm)/GCB in
Table 1 that the analyzed values of the loading level (44.4 wt

Figure 2. (A) X-ray diffraction patterns of Pt2 ML−PtCo(2 nm)/GCB
and PtCo(2 nm)/GCB powders in comparison with n-Pt/GCB powder.
Deconvolution of XRD peaks assigned to (111) and (200) (between
30 and 50°) of (B) PtCo(2 nm)/GCB and (C) Pt2 ML−PtCo(2 nm)/GCB.
Curve-fitting in (C) was performed with both the full width at half-
maximum (fwhm) and the peak position for PtCo fixed at the values
obtained for (B) while allowing the fwhm for the Pt component (with
identical peak position with that for n-Pt/GCB) and all peak heights to
vary. Each fitting curve (blue) is the sum of the deconvoluted peaks.
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%) and the average composition (85.0 ± 2.8 atom %-Pt) for a
100 mg sample agreed well with the projected values, i.e., a
metal loading level of 50 wt % and 85.4 atom %-Pt for the
Pt2 ML−PtCo(2 nm). A similar change in the composition was
also observed for Pt2 ML−PtCo(3 nm)/GCB in Table S1,
Supporting Information. These results strongly suggest that
the Pt-skin precursor Pt(acac)2 added in the second step in
Scheme 1 was dominantly reduced on the top-surfaces of the
PtCo-core particles to form Pt2 ML.
Figure 4 shows high resolution HAADF-STEM images of

PtCo(2 nm)/GCB and Pt2 ML−PtCo(2 nm)/GCB. It was found for

typical PtCo(2 nm) particles (A1 and A2) that the intensity
(brightness) was fairly uniform, suggesting a uniform elemental
distribution of Pt and Co. Because HAADF-STEM images
reflect the Z-contrast of materials, a pure Pt domain (such as
Pt2 ML), if present, will have an intensity higher than that of the
PtCo solid solution. For the particle B2 of Pt2 ML−PtCo(2 nm), a
relatively dark inner portion was found to be surrounded by a
bright ring. A mosaic-like distribution of the intensity was
observed for the particle B1.
Figure 5 shows HAADF-STEM images and the elemental

distribution of Pt and Co obtained by EDX line scan analysis of
the PtCo(2 nm)-core and Pt2 ML−PtCo(2 nm) particles. The spot
size of the electron beam was 0.3 nm. In order to mitigate the
damage of the sample by the electron-beam as much as
possible, the acceleration voltage and the emission current were
set to 80 kV and 10 μA, respectively. It was found for several
PtCo(2 nm) particles that the distribution of Pt and Co was fairly
uniform along with the analysis line for each particle. Both this
result and the XRD pattern of PtCo(2 nm)/GCB in Figure 2
indicate that the pristine PtCo particles consisted of a uniform
PtCo alloy solid solution without any Pt-skin layer, because the
particles were not contacted with water or acid component.
In contrast, we have observed distinctly different elemental

distributions of Pt and Co for Pt2 ML−PtCo(2 nm). The signal
intensity of Pt commenced to increase sharply from the edges
of the particle, whereas the onset of Co signal intensity was just
inside the particle, with a distance of 0.5 to 0.7 nm from the
edge, corresponding to the thickness of the Pt2 ML. Similar

Figure 3. STEM bright-field images (acceleration voltage = 200 kV) of (A) PtCo(2 nm)/GCB and (D) Pt2 ML−PtCo(2 nm)/GCB. The particle size
distribution histograms were obtained among ca. 500 particles in several images and are represented on the basis of the number of particles (B, E)
and volume of particles (C, F); white bars, PtCo(2 nm)/GCB; hatched bars, Pt2 ML−PtCo(2 nm)/GCB.

Table 1. Typical Properties of Prepared Pt2 ML−PtCo(2 nm)/GCB Catalyst

composition of PtCo core particlesa composition of Pt2 ML−PtCo particlesa

Pt (atom %) Co (atom %) dSTEM
b (nm) layer number of Pt-skin dSTEM

b (nm) Pt (atom %) Co (atom %)

46.5 ± 3.2 53.5 ± 3.2 2.0 ± 0.2 2 3.0 ± 0.4 85.0 ± 2.8 (85.4)c 15.0 ± 2.8 (14.6)c

aAverage composition and the standard deviations on the catalysts particles analyzed by spot-analysis with EDX at 20 particles randomly selected.
bAverage particle size and standard deviations, σd, based on the HAADF-STEM observation. cProjected compositions calculated assuming
cuboctahedral shaped particles, eqs 2 and 3.

Figure 4. High resolution HAADF-STEM images of (A) PtCo(2 nm)
and (B) Pt2 ML−PtCo(2 nm) particles.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302224n | ACS Appl. Mater. Interfaces 2012, 4, 6982−69916986



trends for the distance between the onset positions of Pt and
Co were observed for other Pt2 ML−PtCo(2 nm) particles (see
Figure S4, Supporting Information).
In addition to the characteristics of the Pt2 ML−PtCo particles

stated above, we discuss the XRD patterns in Figure 2 and
Figure S1 (Supporting Information) in detail. First, the
diffraction peaks for both PtCo(2 nm)/GCB and PtCo(3 nm)/
GCB were fitted well with a single component of the PtCo
solid solution with fcc structure, as shown in Figure 2B and
Figure S1B, Supporting Information. Second, as shown in
Figure 2C, we have successfully deconvoluted the asymmetric
diffraction peaks for Pt2 ML−PtCo(2 nm)/GCB into two
components of pure Pt and PtCo with crystallite sizes of 2.8
nm (close to dSTEM) and 2.0 nm, respectively. Similar
deconvolution results for PtCo(3 nm)/GCB are also shown in
Figure S1C, Supporting Information. Thus, our characterization
of Pt2 ML−PtCo/GCB indicates the formation of two
monolayers of Pt-skin on the PtCo alloy solid solution.
ORR Activities and H2O2 Production Rate at Nafion-

Coated Pt2 ML−PtCo/GCB Catalysts. Figure 6 shows the
cyclic voltammograms (CVs) of the Nafion-coated Pt2 ML−
PtCo(2 nm)/GCB, n-Pt3Co/GCB (dSTEM = 3.2 nm), and n-Pt/
GCB (dSTEM = 2.8 nm) electrodes in N2-purged 0.1 M HClO4
solution measured at 30 °C after the electrochemical

stabilization. The shape of the CV at the n-Pt3Co/GCB
electrode resembled that of n-Pt/GCB or polycrystalline Pt,
indicating the spontaneous formation of a Pt-skin layer on the
surface.24,25 The shape of the CV at the Pt2 ML−PtCo(2 nm)/
GCB electrode also resembled that of n-Pt/GCB, although the
oxide formation/reduction peaks were somewhat smaller than
those of n-Pt/GCB or n-Pt3Co/GCB. The values of ECA were
evaluated from the electric charge for the hydrogen adsorption
wave QH in the CV, assuming QH° = 210 μC cm−2 for smooth
polycrystalline Pt.54,56 The values of ECA for the Pt2 ML−
PtCo(2 nm)/GCB, n-Pt3Co/GCB, and n-Pt/GCB electrodes
were calculated to be 118, 89, and 80 m2 gPt

−1, respectively. The
values of the actual active surface area S on each electrode are
also shown in the legend of Figure 7. The value of ECA for n-

Pt3Co/GCB is in accord with that calculated for spherical
particles, and that of n-Pt/GCB is slightly smaller than the
calculated value. In contrast, the ECA value of the Pt2 ML−
PtCo(2 nm)/GCB electrode was larger by ca. 20% than that
calculated for spherical particles of dtotal = 3 nm (93 m2 gPt

−1).
This suggests that the Pt particles with dSTEM = 1.5 nm shown
in Figure 3 (or Figure S2, Supporting Information) contributed
to the ECA measured. We always checked the value of S after
the hydrodynamic ORR measurement at a given temperature
(30−100 °C).
Figure 7 shows hydrodynamic voltammograms for the ORR

at these working electrodes in O2-saturated 0.1 M HClO4
solution at 30 °C at a mean solution flow rate Um of 10 cm s−1

and simultaneously acquired currents at the Pt collecting
electrode. The ORR currents at the Pt2 ML−PtCo(2 nm)/GCB
and n-Pt3Co/GCB catalysts commenced to increase at more
positive potentials than that at n-Pt/GCB or c-Pt/CB by ca. 40
mV and reached diffusion limits at around 0.5 V. Small
oxidation currents of H2O2 at the collecting electrodes were

Figure 5. HAADF-STEM images and elemental distributions of Pt and
Co obtained by EDX line scan analysis of PtCo(2 nm)-core (left) and
Pt2 ML−PtCo(2 nm) (right) particles.

Figure 6. Cyclic voltammograms at Nafion-coated Pt2 ML−PtCo(2 nm)/
GCB, n-Pt3Co/GCB, and n-Pt/GCB electrodes in N2-purged 0.1 M
HClO4 solution at 30 °C. The potential sweep rate was 0.1 V s−1.

Figure 7. Hydrodynamic voltammograms for the ORR in O2-saturated
0.1 M HClO4 solution at Nafion-coated Pt2 ML−PtCo(2 nm)/GCB (S =
0.46 cm2, 9.8 μgmetal cm

−2), n-Pt3Co/GCB (S = 0.17 cm2, 5.0 μgmetal
cm−2), n-Pt/GCB (S = 0.16 cm2, 5.3 μgmetal cm

−2), and c-Pt/CB (S =
0.22 cm2, 10.2 μgmetal cm

−2) electrodes at 30 °C, and simultaneously
acquired current densities (jc) on the Pt collecting electrode (at 1.2 V)
for the oxidation of H2O2 (byproduct of the ORR at the working
electrodes). The current densities jw and jc are normalized to the
geometric area (0.04 cm2). Potential scan rate = 0.5 mV s−1. Mean
flow rate of electrolyte Um = 10 cm s−1.
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observed for all catalysts at potentials less positive than ca. 0.9
V.
First, we discuss the H2O2 yield, P(H2O2), defined as the

percentage of H2O2 production rate to that of the overall ORR,

= × + ×P I I I(H O ) 2 /(N ) 100%2 2 c w c (4)

where Iw and Ic are the currents at the working and collecting
electrodes, respectively. As shown in Figure 8, the value of

P(H2O2) from 30 to 70 °C at 0.80 V on both Nafion-coated n-
Pt3Co/GCB and Pt2 ML−PtCo(2 nm)/GCB was ca. 0.2%, which
is smaller than that on n-Pt/GCB (ca. 0.4%). However, at
temperatures higher than 80 °C, P(H2O2) on n-Pt3Co/GCB
increased and reached the same value (ca. 0.4%) as that on n-
Pt/GCB. In contrast, P(H2O2) on Pt2 ML−PtCo(2 nm)/GCB
maintained a very low level over the whole temperature range
examined, which is favorable for mitigating the degradation of
the polymer electrolyte membrane and gasket material. We will
discuss the different temperature dependences of P(H2O2) for
Pt2 ML−PtCo(2 nm)/GCB and n-Pt3Co/GCB in detail later.
The kinetically controlled current Ik at a given potential E

was determined from the following equation:57

= + =

+ ×

I I I I

nF O w U h

1/ 1/ 1/ 1/

1/{1.165 [ ] ( D x / ) }
k L k

2 m
2

1
2 1/3

(5)

where n, F, and [O2] are the number of electrons transferred,
the Faraday constant, and the O2 concentration in the bulk of
the electrolyte solution, respectively; w, Um, D, x1, and h are the
width of the working electrode, the mean flow rate of the
electrolyte solution, the diffusion coefficient of O2, the length of
the working electrode in the electrolyte flow direction, and the
half channel height, respectively. An example of I−1 vs Um

−1/3

plots for the ORR on Pt2 ML−PtCo(2 nm)/GCB electrode is
shown in Figure S5, Supporting Information. Linear relation-
ships between I−1 and Um

−1/3 were seen at all of the potentials
examined, including 0.85, 0.80, 0.76, and 0.70 V at all of the
electrodes. By extrapolating Um

−1/3 to 0 (infinite flow rate), the
value of Ik was calculated. Since the contribution of two-
electron reduction to produce H2O2 to the overall ORR was
very low (<0.4%) as stated above, we can also calculate an
apparent rate constant κapp at a constant overpotential η from
the standard potential E° (η = E − E°) over the whole
operating temperature region from 30 to 90 °C, in the same
manner as that described in our previous works,25,51

κ= − +I FS/(4 ) [H ][O ]k app 2 (6)

where [H+] is the bulk concentration of H+ (0.1 M) and S is
the actual active surface area of the catalyst.

Figure 9 shows Arrhenius plots for the κapp per real surface
area at 0.85 V at various Nafion-coated electrodes. For n-Pt/

GCB and c-Pt/CB, linear relationships between log κapp and 1/
T, corresponding to the Arrhenius equation, κapp = Z exp (−εa/
RT) with an activation energy of ca. 40 kJ mol−1,43,46,51 were
observed. The values of κapp at the Nafion-coated n-Pt/GCB
electrode agreed beautifully with those of c-Pt/CB.43 The
temperature-dependence of κapp on n-Pt3Co/GCB was very
similar to that of n-Pt3Co/CB reported previously.25 In the low
temperature region between 30 and 50 °C, the value of κapp on
n-Pt3Co/GCB was larger than that on c-Pt/CB by a factor of 2,
but κapp rather decreased with increasing temperature above 80
°C, settling at a value nearly identical with that for c-Pt/CB at
90 °C. The change in P(H2O2) on n-Pt3Co/GCB with
temperature in Figure 8 also suggests that the surface of the
n-Pt3Co particles became more “Pt-like”. Therefore, a severe
dealloying of the Co component in the hot acid solution (>70
°C) could result in the formation of a thicker Pt layer, the
electronic state of which is no longer affected by the underlying
alloy.19,25

In contrast, for Pt2 ML−PtCo(2 nm)/GCB, a good linear
relationship between log κapp and 1/T was observed between
30 and 90 °C, without any deactivation effect observed at n-
Pt3Co/GCB. Thus, the value of κapp on Pt2 ML−PtCo(2 nm)/
GCB was 1.8 times larger than that on c-Pt/CB over the whole
temperature range examined. Such a distinct enhancement in
the κapp for the ORR up to high temperature is what we
expected for the Pt2 ML−PtCo(2 nm)/GCB.
Furthermore, we evaluated the values of kinetically

controlled mass activity MAk (Ik divided by the mass of Pt,
mPt) on these catalysts in O2-saturated 0.1 M HClO4. The value
of MAk is regarded as the maximum MA for a particular catalyst
with maximal electrolyte wetting, at a sufficiently high potential
(0.85−0.90 V) to avoid mass transport limitations. We have
proposed the effectiveness of Pt (Ef Pt), which is defined as the
ratio of MA in the membrane-electrode-assembly (MEA) to the
MAk based on the CFDE measurements [Ef Pt (%) = (MA/
MAk) × 100].58,59 Up to now, it has been common to evaluate
the MA at 0.90 V for conventional MEAs, e.g., with 0.40 mgPt

Figure 8. Temperature dependence of H2O2 yield at Nafion-coated
Pt2 ML−PtCo(2 nm)/GCB (●), n-Pt3Co/GCB (Δ), and n-Pt/GCB (□)
electrodes at 0.80 V vs RHE(t). Um = 36 cm s−1.

Figure 9. Arrhenius plots of apparent rate constant κapp for the ORR at
Nafion-coated Pt2 ML−PtCo(2 nm)/GCB (●), n-Pt3Co/GCB (Δ), n-
Pt/GCB (□), and c-Pt/CB (◊) electrodes. The overpotential of
−0.435 V vs E° corresponds to 0.85 V vs RHE at 30 °C. Because the
E° and E[RHE(t)] shift to less positive values in a different manner,
the corrected potential E was applied so as to maintain a constant
overpotential. The values of κapp for the n-Pt/GCB and c-Pt/CB are
cited from our previous work.43,51
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cm−2 loading operated with fully humidified (100% RH) air and
150 kPaabsolute.

55 However, for MEAs with a reduced Pt loading
of 0.04 mgPt cm

−2 operated under low humidity (30%RH) and
ambient pressure,59 the current observed at 0.90 V has not
always been completely kinetically controlled due to an
increased contribution of oxidation current for H2 diffusing
through the membrane from the anode to the cathode. Since
the currents at 0.85 V for such MEAs are so sufficiently low that
there is little mass transport limitation, we have judged that the
MA measured at 0.85 V is more appropriate, considering the
actual stringent operating conditions for PEFCs.
Figure 10 shows the MAk values at 0.85 V on various

catalysts in O2-saturated 0.1 M HClO4 as a function of

temperature. Except for the case of n-Pt3Co/GCB, the MAk
values increased with temperature and leveled off or decreased
slightly at high temperatures >90 °C. This is mainly because the
increase in the κapp with temperature was canceled by the
decrease in the concentration of O2, [O2], dissolved in the
electrolyte solution (see eq 6). Although the n-Pt3Co/GCB
exhibited the highest MAk up to 70 °C, its durability was
insufficient, because the nonuniform Pt-skin layer cannot
suppress the dissolution of the underlying alloy at high
temperatures. In contrast, the newly developed Pt2 ML−
PtCo(2 nm)/GCB exhibited a MAk value larger than that for
the c-Pt/CB catalyst over whole temperature range. The MAk
value for Pt2 ML−PtCo(2 nm)/GCB at 80 and 90 °C was about
two times larger than that for c-Pt/CB. The MAk value for
Pt2 ML−PtCo(3 nm)/GCB at 30 °C was also two times larger
than that for c-Pt/CB, but we did not carry out the test at
higher temperature in the present work. These enhancement
factors of MAk were comparable to the expected value of
MAPt‑PtCo/MAPt calculated by the cuboctahedral model shown
in Figure 1 with the experimental values of js/js(Pt/CB) = 1.8 (see
Figure 9) and dtotal = 3 nm.
It should be noted that the MAk on n-Pt/GCB at 90 °C

became lower than that on c-Pt/CB, even though the κapp in
Figure 9 was identical with that of c-Pt/CB. We indeed
observed a decrease in the ECA in the CV for n-Pt/GCB after
the ORR measurement at 90 °C, probably due to the Pt
coarsening. Figure 11 shows HAADF-STEM images and
particle size distribution histograms based on the number of

particles of the Pt2 ML−PtCo(2 nm)/GCB catalysts after the ORR
measurements at 90 °C. The average size (dSTEM = ca. 3 nm)
and size distribution of the major particles were almost
unchanged, whereas the fraction of small pure Pt particles
decreased from 29 to 13% (4 to 2 vol %), probably due to a
dissolution of such Pt particles in the electrolyte solution at
high temperature. However, the amount of Pt dissolved was
very small compared to the whole mass of particles. Even if
such a small amount (2 vol %) of Pt ions were to redeposit on
the Pt2 ML−PtCo(2 nm) particles by so-called “Ostwald ripening”,
the increase in the Pt layer thickness was estimated to be only
0.05 monolayer. Hence, it is clearly shown that the enhance-
ment in the MAk for the ORR of the Pt2 ML−PtCo(2 nm)/GCB
up to high temperature can be confidently ascribed to the
intentionally formed Pt2 ML on PtCo alloy nanoparticles.
Furthermore, we have found a superior durability of Pt2 ML−
PtCo(2 nm)/GCB in a preliminary durability test by potential-
step cycle between 0.9 and 1.3 V (holding 30 s at each E, 1 min
for one cycle, simulating the start−stop cycles in FCEVs) in N2-
purged 0.1 M HClO4 solution at 25 °C;60 i.e., the number of
potential step cycles, at which the slowly decreasing ECA for
the Pt2 ML−PtCo(2 nm)/GCB reached one-half of the initial
level, was ca. 100 times larger than that for n-Pt/GCB. This
suggests that the Pt2 ML−PtCo(2 nm) nanoparticles exhibited
higher durability than pure Pt in spite of the use of the identical
GCB support. Durability tests (changes in ECA and ORR
activity for start−stop cycles and load-change cycles) of these
catalysts in a practical temperature range for PEFCs (30−100
°C) are in progress in our laboratory.

Figure 10. Temperature dependence of the kinetically controlled mass
activities MAk at 0.85 V vs RHE for the ORR at Nafion-coated Pt2 ML−
PtCo(2 nm)/GCB (●), Pt2 ML−PtCo(3 nm)/GCB (star),n-Pt3Co/GCB
(Δ), n-Pt/GCB (□), and c-Pt/CB (◊) electrodes in O2-saturated 0.1
M HClO4 solution. MAk = Ik/mPt = −4Fκapp[H+][O2] × ECA.

Figure 11. HAADF-STEM images of the Pt2 ML−PtCo(2 nm)/GCB:
(A) pristine and (B) after ORR measurement at 90 °C. The particle
size distribution histograms were obtained among ca. 500 particles in
several images and are represented on the basis of the number of
particles; white bars, pristine; black bars, after the ORR measurement
at 90 °C.
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■ CONCLUSIONS
We have succeeded in preparing new cathode catalysts, which
consist of two monolayers of Pt deposited on PtCo-alloy
particles of fcc solid solution (with uniform size and
composition) supported on GCB by a modified nanocapsule
method. The value of H2O2 yield on Pt2 ML−PtCo(2 nm)/GCB
in the ORR was very small (0.2%), which was about one-half
that on c-Pt/CB; this is favorable for mitigating the degradation
of the polymer electrolyte membrane and gasket material. The
values of κapp on the Nafion-coated Pt2 ML−PtCo(2 nm)/GCB
were found to be 1.8 times larger than that on the standard
commercial c-Pt/CB and increased with temperature in the
Arrhenius-type relation between 30 and 90 °C, without any
deactivation effect, unlike n-Pt3Co/GCB. We also found that
MAk for the ORR on the Pt2 ML−PtCo(2 nm)/GCB catalyst
exhibited a ca. two times larger value than that on the c-Pt/CB
catalyst over the whole temperature range. Such an enhanced
ORR activity of the Pt2 ML−PtCo(2 nm)/GCB catalyst was due
to the modified electronic state at the Pt2 ML by the underlying
PtCo alloy. The high durability of this catalyst was also
suggested by a preliminary test. The MA for the ORR, as well
as the durability, can be increased further by controlling the
composition of the Pt−Co alloy and/or reaction conditions.
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