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Pt-based alloy catalysts such as carbon black-supported Pt–Co catalysts (Pt–Co/CB) are used in the oxy-
gen reduction reaction in polymer-electrolyte fuel cells (PEFCs) and are generally treated at high temper-
atures to allow for alloy formation. However, treatment of these catalysts at high temperatures results in
serious aggregation of alloy particles. In this study, a Pt–Co/CB catalyst was covered with silica layers to
inhibit the aggregation of alloy particles during treatment of the catalyst at high temperature for alloy
formation. Coverage of Pt–Co/CB with silica promoted Pt–Co alloy formation with a high alloying degree
and a small particle size, whereas the alloying degree of Pt–Co alloys in Pt–Co/CB without silica-coating
was low, and these alloy particles were seriously aggregated during treatment at high temperature. These
silica-coated Pt–Co/CB catalysts showed high activity and excellent durability for the oxygen reduction
reaction.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Polymer-electrolyte fuel cells (PEFCs) have been recognized as
promising power sources for zero-emission portable electronics
and automobiles. Carbon-supported Pt metal catalysts have been
used as catalysts for the oxygen reduction reaction (ORR) at the
cathode and for the hydrogen oxidation reaction (HOR) at the an-
ode in PEFCs. The sluggish rate of the ORR on Pt catalysts compared
with the rate of the HOR results in a high loading of Pt metal at the
cathode. In addition, the Pt catalysts at the cathode should work
under severe conditions such as high temperature, low pH, high
humidity, an oxygen atmosphere and high potential. Under these
conditions, the Pt metal particles on the carbon supports grow in
size because of the aggregation of Pt metal particles [1] and be-
cause of Ostwald ripening, i.e., dissolution of the cationic Pt species
from the small Pt metal particles and redeposition of the cationic Pt
species on large metal particles [2,3]. Pt loading at the cathode in
the PEFCs should be higher because of the deactivation of the cat-
alysts. However, Pt loading in the PEFCs should be as low as possi-
ble for the commercialization of PEFCs because of the high cost of
Pt. Recently, many research groups have developed Pt-based alloy
catalysts with high activity for the ORR such as Pt–Co, Pt–Ni, Pt–Cu
and Pt–Pd [4,5]. Among these Pt-based alloy catalysts, Pt–Co alloy
has been the most extensively studied [6–11]. The Pt loading in the
catalysts at the cathode can be reduced if Pt–Co alloys are used as
ll rights reserved.
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catalysts for the ORR since the catalytic activity of the Pt–Co alloys
for the ORR, based on the mass of Pt, is higher than that of pure Pt.

Alloy catalysts have been used in many catalytic reactions in
addition to PEFCs. For example, Pt–Ru alloy catalysts at anode for
the HOR in PEFCs show high tolerance to CO impurity [12] and
Pd–Ni alloy catalysts catalyze methane decomposition to form
hydrogen and carbon nanofibers [13]. In general, catalysts contain-
ing two metal components should be treated at high temperatures
to allow alloy formation. Carbon-supported Pt–Co alloy electrocat-
alysts for the ORR have been also prepared by the addition of Co
species on carbon-supported Pt metal catalysts and then alloying
at temperatures higher than 973 K in inert gas or hydrogen
[14,15]. However, the alloy particles in these catalysts easily aggre-
gate to form larger particles during treatment at high tempera-
tures. To prepare Pt-based alloy catalysts for the ORR in PEFCs,
the catalysts are sometimes prepared by the reduction of metal
precursors with chemical reductants such as NaBH4 at low temper-
atures instead of catalyst treatment in hydrogen at high tempera-
tures [16–18]. However, the alloying degree of the catalysts
obtained in this way is not always high. The catalytic performance
of the alloy catalysts strongly depends on their alloying degree. The
aggregation of these alloy particles in the catalysts during treat-
ment at high temperatures should therefore be inhibited to pre-
pare alloy particles with a small size and a high alloying degree.

We have previously prepared metal nanoparticles of Ni and Pt
enclosed within spherical silica particles [19,20]. These metal par-
ticles in the catalysts can catalyze the combustion of light alkanes
and partially oxidize methane to form synthesis gas since the silica
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layers that are wrapped around the metal particles are porous. The
metal particles in the catalysts show high durability to sintering
even at high temperatures because the metal particles that are cov-
ered with silica are not in direct contact with the other metal par-
ticles. In addition, we have applied carbon-supported Pt metal
covered with silica layers a few nanometers thick as catalysts for
the ORR in PEFCs [21,22]. The silica-coated Pt electrocatalysts show
high activity for the ORR despite the coverage of Pt metal with the
silica insulator. Coverage of the Pt catalysts with silica layers im-
proves the stability of the Pt metal during electrochemical reac-
tions. The silica layers that are wrapped around the Pt metal
particles prevent the diffusion of cationic Pt species, which origi-
nate from the Pt metal, out of the catalysts. Therefore, the silica-
coated Pt catalysts show excellent durability for the ORR. Based
on our previous study, we expect that the silica-coating technique
will enable us to prepare Pt-based alloy catalysts with a small size
and a high alloying degree for the ORR in PEFCs.

In this study, carbon black-supported Pt–Co catalysts were cov-
ered with silica layers. The morphology and structure of the metal
species in the silica-coated Pt–Co catalysts were examined by
transmission electron microscopy (TEM) and X-ray absorption
spectroscopy. Furthermore, the catalytic activity and stability of
the silica-coated Pt–Co catalysts for the ORR were examined.
2. Experimental

2.1. Catalyst preparation

Carbon black (denoted as CB, Vulcan XC-72 supplied from CA-
BOT. Co.) was impregnated into ethylene glycol containing the de-
sired amounts of H2PtCl6 and CoCl2 [23]. The pH of the solution
was adjusted to 13 by the addition of NaOH. The solution thus ob-
tained was refluxed at 443 K for 4 h and then filtered. Finally, the
samples were reduced with hydrogen at 623 K for 2 h. The CB-sup-
ported Pt–Co is denoted as Pt–Co/CB, hereafter.

The coverage of Pt–Co/CB with silica was performed by the suc-
cessive hydrolysis of 3-aminopropyl-triethoxysilane (APTES) and
tetraethoxysilane (TEOS) [24,25]. Pt–Co/CB was immersed into a
mixed solution of ethanol and water. APTES and triethylamine,
which worked as catalysts for the hydrolysis of APTES and TEOS,
were added to the solution. After stirring this solution for 30 min
at 353 K for the hydrolysis of APTES, TEOS was added and the solu-
tion was stirred. After filtration, the obtained sample was dried in
air at 353 K. These Pt–Co catalysts with or without silica were trea-
ted at 623 K in hydrogen and further treated at 773 K or 973 K in Ar
for 4 h to allow for alloy formation. The silica-coated Pt–Co/CB is
denoted as SiO2/Pt–Co/CB. The treatment temperature for these
Pt–Co catalysts in Ar is shown in parenthesis after the catalyst
name, for example, SiO2/Pt–Co/CB treated at 973 K is denoted as
SiO2/Pt–Co/CB (973 K).
2.2. Characterization of the catalysts

Transmission electron microscopy (TEM) images of the catalysts
were recorded with a JEOL JEM-200CX instrument. The Pt–Co cat-
alysts were dispersed in iso-propanol, and the solution was mixed
ultrasonically at room temperature. A part of this solution was
dropped onto a grid for the measurement of TEM images.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) measurements were taken
at the Photon Factory in the Institute of Materials Structure Science
for High Energy Accelerator Research Organization, Japan (Proposal
No. 2009G050). Co K-edge and Pt LIII-edge XANES/EXAFS spectra
were measured in transmission mode at room temperature at
beam line BL-9C with a Si(1 1 1) two crystal monochromator. The
Pt–Co catalysts were treated in hydrogen at 623 K and further trea-
ted at 773 or 973 K in Ar before the XANES and EXAFS measure-
ments. The catalyst samples were packed in a polyethylene bag
under an Ar atmosphere. Analysis of the EXAFS data was per-
formed using an EXAFS analysis program, REX (Rigaku Co.). A Fou-
rier transformation of the k3-weighted EXAFS oscillations was
performed over the k range from 4 to 15.5 Å�1. Inversely Fourier-
transformed data for the Fourier peaks was analyzed using a
curve-fitting method including phase shift and amplitude func-
tions derived from FEFF 8.0 [26].
2.3. Electrochemical measurements

Electrochemical measurements were carried out using a three-
compartment electrochemical cell with a Pt mesh and a saturated
Ag/AgCl electrode serving as the counter and reference electrodes,
respectively. All potentials are given relative to the reversible
hydrogen electrode (RHE). A glassy carbon disk electrode (5 mm
diameter) was used as a substrate for the catalysts and polished
to a mirror finish. Catalyst ink was prepared by ultrasonically
blending 20 mg of the catalysts and 10 ml of methanol. A 20 ll ali-
quot of this ink was deposited on a glassy carbon disk and dried at
333 K. Twenty microliters of a 1 wt% Nafion solution diluted with
methanol was dropped onto the catalysts to ensure the attachment
of the catalysts to the disk. The potential of the catalysts was cycled
between 0.05 V and 1.0 V vs. RHE in N2-purged 0.1 M HClO4 at
333 K to perform accelerated durability tests for the catalysts
[27,28]. After potential cycling, we measured cyclic voltammo-
grams (CVs) for the Pt–Co catalysts in N2-purged 0.1 M HClO4 in
the potential range of 0.05–1.20 V. A voltammogram for desorption
of underpotentially deposited hydrogen was used to evaluate the
electrochemically active surface area (ECSA) for Pt–Co catalysts
on the electrode. The value of 210 lC cm-Pt�2 was used for deter-
mining the ECSA from the adsorbed hydrogen.

A membrane-electrode assembly (MEA) for a PEFC single cell
(Electrochem. Co., EFC-05-02) was prepared as follows. Pt–Co/CB
and SiO2/Pt–Co/CB electrocatalysts were used for the cathode and
a Pt/CB catalyst for the anode. Catalyst ink was prepared by ultra-
sonically mixing the catalysts, 2-propanol and diluted Nafion solu-
tion (5 wt% Nafion). The catalyst ink was painted onto the surface
of wet-proofed carbon paper (Toray Co.) as a gas diffusion layer. A
MEA with an area of 5 cm2 was fabricated by hot pressing the cath-
ode and anode onto Nafion 117 at 403 K and 10 MPa for 3 min. For
all the single cell tests in this study, the fuel gas (hydrogen) and the
oxidant (oxygen) were humidified at 353 K before being fed into
the cells. The cells were operated at 353 K, and the operating pres-
sure was atmospheric pressure.
3. Results and discussion

3.1. Characterization of Pt–Co catalysts

Fig. 1 shows a typical TEM image and the size distribution of the
metal particles for Pt–Co/CB (573 K). The particle size distribution
was evaluated from the TEM images of the catalysts. The amount of
Pt and Co loading in Pt–Co/CB (573 K) was estimated by X-ray fluo-
rescence spectroscopy and found to be 8.1 and 2.2 wt% (mole ratio
of Pt/Co = 1.1), respectively. Many metal particles were supported
on the CB supports, and their diameters ranged from 1 to 3 nm. The
average particle size of the metals in the catalysts was estimated to
be 1.7 nm. The Pt–Co/CB (573 K) was treated at 773 or 973 K in Ar
or covered with silica layers, followed by treatment at 773 or 973 K
in Ar.

Fig. 2 shows TEM images of Pt–Co/CB (773 K) and Pt–Co/CB
(973 K). The particle size distribution of the metals in these



Fig. 1. TEM image and particle size distribution of metals for Pt–Co/CB (573 K).
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Fig. 2. TEM images of Pt–Co/CB (773 K) (a), Pt–Co/CB (973 K) (b), SiO2/Pt–Co/CB (773 K) (c) and SiO2/Pt–Co/CB (973 K) (d).

230 S. Takenaka et al. / Journal of Catalysis 274 (2010) 228–238
catalysts is shown in Fig. 3. In the TEM image for Pt–Co/CB (773 K),
many metal particles were observed on the CB supports. The diam-
eter of the metal particles in Pt–Co/CB (773 K) ranged from 1 to
6 nm, and the average particle size was 2.4 nm, which is slightly
larger than that for Pt–Co/CB (573 K). The metal particle aggrega-
tion in Pt–Co/CB was further promoted during treatment at
973 K. As shown in the TEM image for Pt–Co/CB (973 K) in
Fig. 2b, the size of many metal particles ranged from 2 to 5 nm,
but the diameters of the aggregated metal particles were fre-
quently larger than 6 nm. Therefore, the average particle size of
metals in Pt–Co/CB increased from 2.4 nm to 4.8 nm after treat-
ment at 973 K. These results indicated that the metal particles in
Pt–Co/CB are seriously aggregated at high catalyst treatment
temperatures.

TEM images and the particle size distribution of the metals in
SiO2/Pt–Co/CB are shown in Figs. 2 and 3, respectively. Most of
the metal particles in the TEM image of SiO2/Pt–Co/CB (773 K)
are only a few nanometers in diameter. The particle size of the
metals in the catalysts ranges from 1 to 5 nm, as shown in
Fig. 3c, and the average diameter of the metal particles is 1.9 nm,
which is similar to that of Pt–Co/CB (573 K). In addition, the frac-
tion of metal particles in SiO2/Pt–Co/CB (773 K) that are 1–2 nm
in diameter is significantly higher than that for Pt–Co/CB (773 K).
These results imply that the silica added to Pt–Co/CB prevents
the sintering of metal particles during treatment at 773 K [29].
However, silica was not observed in the TEM image for SiO2/Pt–
Co/CB. The amount of silica loading in SiO2/Pt–Co/CB (773 K) was
estimated by inductively coupled plasma emission spectroscopy
(ICP-AES) to be 15 wt%. The presence of silica could not be con-
firmed by TEM images because of the low loading of silica in the
catalysts. The particle size distribution of metals in SiO2/Pt–Co/
CB did not change appreciably after treatment at 973 K, as shown
in Figs. 2 and 3d. Many metal particles smaller than 3 nm are pres-
ent in the TEM image of SiO2/Pt–Co/CB (973 K), and the average



Fig. 3. Particle size distribution for fresh Pt–Co/CB and fresh SiO2/Pt–Co/CB treated at 773 K and 973 K.

Fig. 4. XRD patterns of SiO2/Pt–Co/CB (773 K) (a), SiO2/Pt–Co/CB (973 K) (b), Pt–Co/
CB (573 K) (c), Pt–Co/CB (773 K) (d), Pt–Co/CB (973 K) (e) and Pt/CB (f).
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particle size is estimated to be 2.6 nm. The particle size distribu-
tion for SiO2/Pt–Co/CB slightly shifted toward larger sizes as the
treatment temperature was increased from 773 to 973 K, but the
increase in particle size for SiO2/Pt–Co/CB was negligible compared
to that for Pt–Co/CB. Therefore, we can conclude that the coverage
of Pt–Co/CB with silica inhibits the aggregation of metal particles
during treatment of the catalysts at high temperatures. The specific
surface areas of Pt–Co/CB and SiO2/Pt–Co/CB were estimated by
adsorption of N2 at 77 K. The specific surface areas of Pt–Co/CB
(773 K), Pt–Co/CB (973 K), SiO2/Pt–Co/CB (773 K) and SiO2/Pt–Co/
CB (973 K) were 190, 188, 169 and 160 m2 g�1, respectively. These
results indicated that treatment of the catalysts at 973 K did not re-
duce the surface area of CB support. Thus, the coverage of Pt–Co/CB
with silica prevents the aggregation of metal particles rather than
the sintering of CB supports.

Fig. 4 shows XRD patterns of Pt/CB, Pt–Co/CB and SiO2/Pt–Co/CB
after treatment at different temperatures. Three peaks in the XRD
pattern of Pt/CB are characteristic of face-centered cubic (fcc) crys-
talline Pt metal, corresponding to the (1 1 1), (2 0 0) and (2 2 0)
planes at 2h values of 39.4�, 46.3� and 67.5�, respectively. In the
XRD patterns for all the Pt–Co/CB catalysts, three peaks character-
istic of face-centered cubic crystalline Pt were observed, but the
peak position for the Pt–Co/CB catalysts was at higher 2h values
compared to those of Pt/CB, i.e., the peak due to the (1 1 1) plane
for Pt–Co/CB (573 K), Pt–Co/CB (773 K) and Pt–Co/CB (973 K) was
positioned at 2h values of 40.1�, 40.3� and 40.0�, respectively. No
reflection arising from a superlattice such as a face-centered
tetragonal alloy phases was present in the XRD patterns for the
Pt–Co catalysts [10,30]. These results indicate the formation of dis-
ordered Pt–Co alloys involving the incorporation of Co atoms in the
face-centered cubic crystalline of Pt metal. Additional two peaks
were observed at around 44.0� and 51.3� in the XRD pattern of
Pt–Co/CB (973 K). These peaks could be due to crystalline Co or
Pt–Co alloys with high Co/Pt mole ratios [30,31]. On the other
hand, only peaks due to the face-centered cubic crystalline Pt me-
tal were found in the XRD patterns of both the SiO2/Pt–Co/CB cat-
alysts, and these peaks were also present at higher 2h values
compared to crystallite Pt. The peak for the (1 1 1) plane was
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present at 2h values of 40.4� and 40.6� for SiO2/Pt–Co/CB (773 K)
and SiO2/Pt–Co/CB (973 K), respectively, indicating the formation
of disordered Pt–Co alloys. It should be noted that the peaks due
to the Pt–Co alloys in the XRD patterns of SiO2/Pt–Co/CB shifted
to higher 2h values at higher catalyst treatment temperatures,
while the peak position in the XRD patterns of the Pt–Co/CB cata-
lysts did not strongly depend on the treatment temperature of the
catalysts. Coverage of Pt–Co/CB with silica improves the alloying
degree of the Pt–Co alloys during the treatment of the catalysts
at high temperatures. Additionally, the peaks due to the Pt–Co al-
loys for Pt–Co/CB became sharper at higher catalyst treatment
temperatures. In contrast, the peak width for the Pt–Co alloys in
the SiO2/Pt–Co/CB catalysts did not change appreciably with an in-
crease in the catalyst treatment temperature. Therefore, coverage
of the Pt–Co/CB catalysts with silica promotes the formation of
Pt–Co alloys with a high alloying degree and a small particle size.

Fig. 5 shows Pt LIII-edge XANES spectra and Fourier transforms
of k3-weighted Pt LIII-edge EXAFS spectra for Pt foil, Pt–Co/CB and
SiO2/Pt–Co/CB. XANES spectra of both the Pt–Co/CB were very sim-
ilar in shape to that of Pt foil, as shown in Fig. 5a. Therefore, most of
the Pt species in both the Pt–Co/CB were present in the metallic
state [32,33]. The absorption at around 11,565 eV in the Pt LIII-edge
XANES spectra, which is known as a white line, corresponds to an
electron transition from 2p3/2 to 5d, and the magnitude of the
white line is related to the 5d-electron vacancies [34,35]. We found
that the intensity of the white line for the XANES spectrum of Pt–
Fig. 5. Pt LIII-edge XANES spectra of Pt–Co/CB (a) and of SiO2/Pt–Co/CB (b) and Fourier tra
CB (d).
Co/CB (773 K) was slightly smaller than that for Pt foil. Alloying of
Co with Pt metal thus results in a more occupied Pt 5d electronic
state [36]. The intensity of the white line in the XANES spectra of
the Pt–Co/CB catalysts did not depend on the catalyst treatment
temperature suggesting that the alloying degree of the Pt–Co alloys
in Pt–Co/CB did not improve significantly with the treatment tem-
perature of the catalysts. Earlier XRD studies on Pt–Co/CB also
showed the same results. The XANES spectrum of SiO2/Pt–Co/CB
(773 K) resembles that of Pt–Co/CB (773 K) in shape, i.e., slightly
lower intensity of the white line in the XANES spectrum of SiO2/
Pt–Co/CB (773 K) compared with that for Pt foil. In contrast, the
white line in the XANES spectrum of SiO2/Pt–Co/CB decreased in
intensity after treatment at 973 K. Therefore, the alloying degree
of the Pt–Co alloys in SiO2/Pt–Co/CB increased with an increase
in the catalyst treatment temperature.

Fourier transforms of the Pt LIII-edge EXAFS spectra (RSFs, radial
structure functions) for Pt–Co/CB and SiO2/Pt–Co/CB clarified the
structure of the metal particles. A strong peak is present in the R
range from 2.2 to 3.0 Å in the RSFs for all the Pt–Co catalysts, as
shown in Fig. 5c and d. The peaks in the RSFs for Pt–Co/CB
(773 K), Pt–Co/CB (973 K) and SiO2/Pt–Co/CB (773 K) are all located
at around 2.5 Å, whereas the peak is present at a shorter distance
(2.4 Å) in the RSF for SiO2/Pt–Co/CB (973 K). The RSFs for Pt–Co/CB
and SiO2/Pt–Co/CB were inversely Fourier-transformed in the R
range from 1.5 to 3.3 Å, and the EXAFS spectra thus obtained were
fitted in the k range from 4.5 to 15.0 Å�1. The structural parameters
nsforms of Pt LIII-edge k3-weighted EXAFS spectra of Pt–Co/CB (c) and of SiO2/Pt–Co/



Table 1
Structural parameters of metal species in Pt–Co/CB and SiO2/Pt–Co/CB estimated by
curve-fitting for Pt LIII-edge EXAFS.

Catalyst Shell CNa Rb (Å) rc (Å)

Pt–Co/CB (773 K) Pt–Pt 7.3 ± 0.4 2.72 0.075
Pt–Co 0.5 ± 0.1 2.61 0.065

Pt–Co/CB (973 K) Pt–Pt 9.2 ± 0.5 2.73 0.078
Pt–Co 0.6 ± 0.1 2.65 0.068

SiO2/Pt–Co/CB (773 K) Pt–Pt 6.1 ± 0.2 2.72 0.070
Pt–Co 1.4 ± 0.1 2.63 0.066

SiO2/Pt–Co/CB (973 K) Pt–Pt 5.3 ± 0.2 2.70 0.069
Pt–Co 3.5 ± 0.2 2.60 0.068

a Coordination number.
b Interatomic distance.
c Debye Waller factor.
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estimated by the curve-fitting analyses are listed in Table 1. The
EXAFS spectra for all the Pt–Co catalysts could be fitted using
two kinds of shell, Pt–Pt and Pt–Co bonds. The coordination num-
bers of Pt–Pt and Pt–Co for Pt–Co/CB (773 K) were estimated to be
7.3 and 0.5, respectively. The interatomic distance of Pt–Pt in the
catalyst (2.72 Å) was shorter than that of Pt–Pt in Pt foil (2.77 Å)
indicating the formation of Pt–Co alloys. However, the alloying de-
gree of the Pt–Co alloys in Pt–Co/CB (773 K) was very low because
the coordination number of the Pt–Co bond was very low. The ratio
of the coordination number for the Pt–Co bond compared to that
for the Pt–Pt bond in Pt–Co/CB did not change when the catalyst
treatment temperature increased from 773 to 973 K, indicating
that the alloying degree of the Pt–Co alloys in Pt–Co/CB (773 K)
was similar to that in Pt–Co/CB (973 K), i.e. low alloying degree
of Pt–Co alloys in these catalysts. The increase in the total coordi-
nation number of Pt–Co and Pt–Pt bonds with the treatment tem-
perature of Pt–Co/CB suggests that aggregation of the alloy
particles occurred during catalyst treatment at 973 K. The struc-
tural parameters of the metal species in SiO2/Pt–Co/CB (773 K)
are very similar to those for Pt–Co/CB (773 K), although the coordi-
nation number of Pt–Co for the former catalyst is slightly larger
than that for the latter catalyst. When SiO2/Pt–Co/CB was treated
at 973 K, the coordination number of Pt–Co increased and the coor-
dination number of Pt–Pt decreased. It is important to note that the
total coordination number of Pt–Pt and Pt–Co in SiO2/Pt–Co/CB
(973 K) was slightly larger than that in SiO2/Pt–Co/CB (773 K),
but it was lower than that in Pt–Co/CB (973 K). Therefore, coverage
of Pt–Co/CB with silica promotes Pt–Co alloy formation without
aggregation of alloy particles.

Fig. 6 shows Co K-edge XANES spectra and Fourier transforms of
the k3-weighted Co K-edge EXAFS spectra (RSFs) for Co foil, Pt–Co/
CB and SiO2/Pt–Co/CB. A pre-edge peak (denoted as peak A, hereaf-
ter) is present at around 7710 eV in the Co K-edge XANES spectra
and is assigned to the 1s to 3d transition, while the peak at around
7725 eV (denoted as peak B, hereafter) corresponds to the 1s to
hybridized 4s and 4p transition [37,38]. The XANES spectrum of
Pt–Co/CB (773 K) resembles that of Pt–Co/CB (973 K) in shape.
The intensity of peak B was higher, and the intensity of peak A
was slightly lower in the XANES spectra of both the Pt–Co/CB cat-
alysts compared to the corresponding peak intensity in the XANES
spectrum of Co foil. The XANES spectra of the Pt–Co/CB prepared in
this study are consistent with those of the Pt–Co alloy catalysts
previously reported [39,40], indicating that Pt–Co alloys are
formed in these Pt–Co/CB catalysts. It has been reported that peak
B increases in intensity in contrast to a slight decrease in the inten-
sity of peak A in the XANES spectra of Pt–Co alloys with higher Co
content [37]. Therefore, the alloying degree of the Pt–Co alloys in
the Pt–Co/CB catalysts did not change when the catalyst treatment
temperature increased. The intensity of peak A was smaller, and
the intensity of peak B was higher in the XANES spectrum of
SiO2/Pt–Co/CB (773 K) compared with the corresponding peak
intensities in the XANES spectra of the Pt–Co/CB catalysts. This fea-
ture in the XANES spectrum of SiO2/Pt–Co/CB (773 K) was en-
hanced after the catalysts were treated at 973 K, indicating an
improvement in the alloying degree of the Pt–Co alloys in the
SiO2/Pt–Co/CB catalysts. As described below, some Co atoms in
SiO2/Pt–Co/CB (773 K) were present in the oxidized state, and
some of the oxidized Co species were reduced to the metallic state
during catalyst treatment at 973 K. The presence of oxidized Co in
the catalysts also increased the intensity of peak B in the Co K-edge
XANES spectra [41].

Fourier transforms of Co K-edge EXAFS (RSFs) for Pt–Co/CB and
SiO2/Pt–Co/CB are shown in panels (c) and (d) in Fig. 6, respec-
tively. Strong peaks were observed at 2.2, 4.0 and 4.6 Å in the RSFs
for both the Pt–Co/CB, and the position of these peaks was similar
to that of Co foil. A peak was also observed at 2.2 Å in the RSF for
SiO2/Pt–Co/CB (773 K). However, the peak for SiO2/Pt–Co/CB
(773 K) was lower in intensity and broader in width compared to
that for Pt–Co/CB. This would be because some Co species in the
catalysts were oxidized. The peak at 2.2 Å in the RSF of SiO2/Pt–
Co/CB (773 K) was slightly shifted toward a longer distance after
treatment at 973 K, implying the formation of Pt–Co alloys with
a higher alloying degree.

Table 2 shows the structural parameters of the metal species
estimated by curve-fitting for the Co K-edge EXAFS spectra of Pt–
Co/CB and SiO2/Pt–Co/CB. The EXAFS spectra for both the Pt–Co/
CB could be fitted by two shells of Co–Co and Co–Pt bonds. The
coordination numbers of Co–Co and Co–Pt for Pt–Co/CB (773 K)
were estimated to be 6.6 and 0.5, respectively. The ratio of the
coordination number of Co–Pt to Co–Co in Pt–Co/CB (773 K) was
low despite a molar ratio for Pt/Co of 1.1 for the catalysts, and
the ratio of the coordination number did not change during treat-
ment of the catalysts at 973 K. On the other hand, the EXAFS spec-
tra for both the SiO2/Pt–Co/CB could be fitted by three shells
consisting of Co–Co, Co–Pt and Co–O bonds. The coordination
number of Co–O in the SiO2/Pt–Co/CB (773 K) was estimated to
be 1.8, and it decreased to 1.1 after treatment of the catalysts at
973 K. Some Co atoms in SiO2/Pt–Co/CB were present in the oxi-
dized state, and some of the oxidized Co species were reduced to
a metallic state during treatment of the catalysts at 973 K. We have
previously reported the preparation of Co particles enclosed in
spherical silica particles [42]. Some Co atoms in these catalysts
were also stabilized in the oxidized state, even after treatment of
the catalysts at 1073 K, and the oxidized Co species were atomi-
cally dispersed within the silica particles. It is likely that some of
the Co atoms in SiO2/Pt–Co/CB were also present as highly dis-
persed CoOx species in the silica layers. The coordination numbers
of Co–Co and Co–Pt in SiO2/Pt–Co/CB (773 K) were estimated to be
2.7 and 1.1, respectively. The ratio of the coordination number of
Co–Pt to Co–Co increased after treatment of the catalysts at
973 K. Therefore, we concluded that the coverage of Pt–Co/CB with
silica, followed by treatment at 973 K, promotes the formation of a
Pt–Co alloy with a high alloying degree.

As described earlier, the alloying degree of the Pt–Co alloys in
SiO2/Pt–Co/CB (973 K) was higher than that in Pt–Co/CB (973 K).
For the preparation of Pt–Co/CB, carbon black was impregnated
into ethylene glycol containing H2PtCl6 and CoCl2, and the solution
was refluxed at 443 K. Ethylene glycol as a reductant is not strong
enough to reduce CoCl2 to Co metal although H2PtCl6 is reduced to
Pt metal [43–45]. The Co metal precursors that were supported on
CB were reduced to Co metal during treatment of the catalysts with
hydrogen at 623 K or under Ar at 773 K. The Co metal precursors
were deposited onto the CB supports by increasing the pH of the
solution containing CoCl2 and H2PtCl6 up to 13 during the prepara-
tion of the Pt–Co catalysts. Beard et al. prepared carbon-supported



Fig. 6. Co K-edge XANES spectra of Pt–Co/CB (a) and of SiO2/Pt–Co/CB (b) and Fourier transforms of Co K-edge k3-weighted EXAFS spectra of Pt–Co/CB (c) and of SiO2/Pt–Co/
CB (d).

Table 2
Structural parameters of metal species estimated by curve-fitting for Co K-edge
EXAFS of Pt–Co/CB and SiO2/Pt–Co/CB.

Catalyst Shell CNa Rb (Å) rc (Å)

Pt–Co/CB (773 K) Co–Co 6.6 ± 0.3 2.48 0.070
Co–Pt 0.5 ± 0.1 2.60 0.065

Pt–Co/CB (973 K) Co–Co 7.4 ± 0.4 2.48 0.075
Co–Pt 0.6 ± 0.1 2.62 0.063

SiO2/Pt–Co/CB (773 K) Co–O 1.8 ± 0.2 2.08 0.060
Co–Co 2.7 ± 0.1 2.51 0.070
Co–Pt 1.1 ± 0.2 2.61 0.070

SiO2/Pt–Co/CB (973 K) Co–O 1.1 ± 0.2 2.08 0.062
Co–Co 2.9 ± 0.1 2.52 0.081
Co–Pt 2.5 ± 0.2 2.63 0.074

a Coordination number.
b Interatomic distance.
c Debye Waller factor.

234 S. Takenaka et al. / Journal of Catalysis 274 (2010) 228–238
Pt–Co catalysts in acid and alkaline aqueous media and found that
a higher alloying degree of Pt–Co was obtained using the catalysts
prepared in the acid medium [8]. The low alloying degree of the Pt–
Co alloys in the catalysts prepared in the alkaline media was due to
a poor interaction between Pt metal particles and the Co metal pre-
cursors before the reduction of the catalysts at high temperature.
The poor interaction between Pt metal and the Co metal precursors
promoted the formation of large Co metal particles instead of the
formation of Pt–Co alloys during the reduction of the Pt–Co/CB cat-
alysts at high temperatures. The formation of large Co metal parti-
cles in Pt–Co/CB retarded the formation of Pt–Co alloys with a high
alloying degree. Thus, the alloying degree of aggregated metal par-
ticles in Pt–Co/CB was very low even after the catalysts had been
treated at 973 K. Coverage of the Pt–Co catalysts with silica layers
promotes the formation of Pt–Co alloy particles with a high alloy-
ing degree, because the silica-coating prevents the sintering of Co
metal particles to form large Co metal particles. Therefore, the
alloying degree of the Pt–Co alloys in SiO2/Pt–Co/CB was higher,
and their particles size was smaller compared to those in the
Pt–Co/CB catalysts.

3.2. Catalytic performance of Pt–Co catalysts

Fig. 7 shows cyclic voltammograms (CVs) of the Pt–Co/CB and
SiO2/Pt–Co/CB catalysts in N2-purged 0.1 M HClO4 at 333 K during
potential cycling between 0.05 and 1.0 V for the accelerated dura-
bility test of the catalysts. Before the CV measurements of the fresh
catalysts, ca. 20 cycles of potential cycling were carried out from
0.05 to 1.20 V to obtain reproducible CVs. In the CVs for all the
Pt–Co catalysts, two peak couples are observed, and these are as-
signed to the adsorption and desorption of hydrogen on Pt from
0.05 to 0.3 V and to the oxidation and reduction of Pt from 0.6 to
1.2 V. These are observed despite the coverage of Pt–Co alloys with



Fig. 7. Cyclic voltammograms of Pt–Co/CB (773 K) (a), Pt–Co/CB (973 K) (b), SiO2/Pt–Co/CB (773 K) (c) and SiO2/Pt–Co/CB (973 K) (d) in N2-purged HClO4 during the potential
cycling experiments from 0.05 to 1.0 V at 333 K.

Fig. 8. Changes of ECSAs of Pt in Pt–Co/CB and SiO2/Pt–Co/CB treated at 773 K and
973 K during the potential cycling experiments.
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the silica insulator in the CVs of SiO2/Pt–Co/CB catalysts. Reactant
molecules such as water and protons diffuse onto the Pt–Co alloy
surface in SiO2/Pt–Co/CB through the porous silica layers and elec-
trons conduct into the alloys through the exposed CB surface. Pro-
tons would also diffuse onto the Pt–Co alloys through water
molecules adsorbed on the silica surfaces. Therefore, the SiO2/Pt–
Co/CB is electrochemically active. The intensity of the peaks in
the CVs for both the Pt–Co/CB decreases with the number of the
potential cycling. This decrease in peak intensity is also observed
in the CVs of SiO2/Pt–Co/CB (773 K) during the accelerated durabil-
ity test. In contrast, the peak intensity due to Pt metal in the CVs for
SiO2/Pt–Co/CB (973 K) does not change appreciably during the po-
tential cycling experiment. The peak intensity for the SiO2/Pt–Co/
CB (973 K) decreases slightly until 2000 cycles, but then it remains
constant. The high alloying degree of Pt–Co alloys results in the
excellent durability of the SiO2/Pt–Co/CB (973 K) catalysts during
the durability test [27,28]. Treatment of silica layers at 973 K also
contributes to an improvement in the durability of the catalysts.
We have previously reported that the coverage of carbon-sup-
ported Pt catalysts with silica layers improves the durability of Pt
metal during the potential cycling experiment [46]. The durability
of the silica-coated Pt catalysts depends on the thickness and den-
sity of silica layers. The loading of silica in the highly durable silica-
coated Pt catalysts was ca. 40 wt%, and the catalyst was treated at
873 K. The treatment of the silica-coated Pt catalysts at high tem-
perature results in the formation of dense silica layers. The silica
loading and the treatment temperature for SiO2/Pt–Co/CB (773 K)
were not high enough to improve the durability of the catalyst dur-
ing the potential cycling experiment. In contrast, dense silica layers
in SiO2/Pt–Co/CB (973 K) prevent the diffusion of Pt and/or Co spe-
cies dissolved from Pt–Co alloys out of the catalysts. Thus, the cov-
erage of the Pt–Co catalysts with dense silica layers further
improved the durability of the catalysts. As described in the previ-
ous study, the Pt catalysts covered with silica layers showed a sim-
ilar activity for the ORR to the Pt catalysts without silica-coating
[22]. Thus, the silica layers, which are wrapped around Pt metal
particles, do not prevent the diffusion of reactant molecules such
as proton and oxygen, although the diffusion of cationic Pt species
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Fig. 9. TEM images of Pt–Co/CB (773 K) (a), Pt–Co/CB (973 K) (b), SiO2/Pt–Co/CB (773 K) (c) and SiO2/Pt–Co/CB (973 K) (d) after 6000 cycles of the potential cycling.
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dissolved from Pt metal particles out of the catalysts is inhibited by
the silica layers. This would be due to difference in size between
cationic Pt species and reactant molecules (proton and oxygen),
since the cationic Pt species are surrounded with many water
molecules under the PEFC cathode conditions. In order to clarify
the porous structure of silica layers in the silica-coated catalysts,
we performed N2 adsorption on the catalysts at 77 K, but the thick-
ness of silica layers in the catalysts was too thin to evaluate the
porous structure.

Based on the CVs shown in Fig. 7, the electrochemically active
surface areas (ECSAs) of Pt in all the Pt–Co catalysts were evalu-
ated. The results are shown in Fig. 8. The ECSAs for Pt–Co/CB
(773 K), Pt–Co/CB (973 K) and SiO2/Pt–Co/CB (773 K) became grad-
ually smaller with an increase in the number of potential cycles
and finally decreased to half at 6000 cycles. In contrast, the de-
crease in the ECSA for SiO2/Pt–Co/CB (973 K) was not as serious
as that of the other catalysts. SiO2/Pt–Co/CB (973 K) had a ECSA
of 50 m2 g-Pt�1 even after 6000 potential cycles.

Fig. 9 shows TEM images of the Pt–Co/CB and SiO2/Pt–Co/CB
catalysts after 6000 potential cycles. The particle size distribution
of metals in these Pt–Co catalysts after the potential cycling exper-
iment is shown in Fig. 10. The Pt–Co alloy particles larger than
5 nm in diameter were abundant in the TEM images for the used
Pt–Co/CB (773 K), Pt–Co/CB (973 K) and SiO2/Pt–Co/CB (773 K) cat-
alysts. The particle size of Pt–Co alloys in these catalysts after po-
tential cycling was widely distributed from 2 to 15 nm, as shown in
Fig. 10. The fresh catalysts had smaller Pt–Co alloy particles and a
narrower particle size distribution compared with the used cata-
lysts (Fig. 3). The average particle size of the Pt–Co alloys changed
from 2.4 to 6.3 nm for Pt–Co/CB (773 K), from 4.8 to 7.2 nm for Pt–
Co/CB (973 K) and from 1.8 to 6.0 nm for SiO2/Pt–Co/CB (773 K)
during the potential cycling experiment. The low durability of
the Pt–Co/CB (773 K), Pt–Co/CB (973 K) and SiO2/Pt–Co/CB
(773 K) catalysts during the potential cycling experiments arises
from the low alloying degree of the Pt–Co alloys. In contrast, aggre-
gated Pt–Co alloy particles are scarce in the TEM image for used
SiO2/Pt–Co/CB (973 K), as shown in Fig. 9d. The particle size distri-
bution of the Pt–Co alloys in SiO2/Pt–Co/CB (973 K) is shifted
slightly toward a larger size distribution during the potential cy-
cling experiment as shown in Figs. 3 and 10d, but the increment
in alloy particle size in the SiO2/Pt–Co/CB (973 K) is negligible com-
pared with that in the other catalysts. The higher alloying degree of
the Pt–Co alloys and the coverage with dense silica layers result in
highly durable SiO2/Pt–Co/CB (973 K) during the potential cycling
experiment [27,28].

The catalytic activity of SiO2/Pt–Co/CB (973 K) for the oxygen
reduction reaction (ORR) was evaluated using a PEFC single cell.
Fig. 11 shows polarization curves of PEFC single cells with Pt/CB,
Pt–Co/CB (973 K) and SiO2/Pt–Co/CB (973 K) catalysts at cathode.
Pt/CB was always used as a catalyst for the hydrogen oxidation
reaction at the anode. The loading of Pt in Pt/CB was 15 wt%, and
the average particle size of Pt in the catalyst was 4.2 nm. As shown
in Fig. 11, the catalytic activity of Pt–Co/CB (973 K) for the ORR was
lower than that of Pt/CB. Because the alloying degree of Pt–Co alloy
particles was very low and their particle size was large in the Pt–
Co/CB (973 K) catalysts, the catalysts showed lower activity for
the ORR than Pt/CB. In contrast, SiO2/Pt–Co/CB (973 K) showed
higher activity for the ORR than the other catalysts, in spite of
the coverage with silica layers. The catalytic activity of SiO2/Pt–
Co/CB (973 K) was high even in the region of a low cell voltage.
The thickness of silica layers, which were wrapped around Pt–Co
alloys, was very thin. Thus, the silica layers in the SiO2/Pt–Co/CB
(973 K) catalysts would not prevent the diffusion of oxygen mole-
cules and protons onto Pt–Co alloy surface. Anderson et al. re-
ported that modification of Pt/CB electrocatalysts with silica
aerogel improved their catalytic activity for the oxidation of meth-
anol, because the addition of silica aerogel into Pt/CB permitted
facile mass transportation of methanol [47]. In contrast, we did



Fig. 10. Particle size distribution for Pt–Co/CB and SiO2/Pt–Co/CB catalysts after 6000 cycles of the potential cycling.

Fig. 11. Polarization curves for the PEFC single cells with fresh Pt/CB (d), Pt–Co/CB
(973 K) (N) and SiO2/Pt–Co/CB (973 K) (j) catalysts at cathode. Hydrogen
(40 ml min-1) for anode and oxygen (40 ml min-1) for cathode were humified at
353 K before feeding into the single cells. The Pt loading in the catalysts at cathode
and anode in MEAs was adjusted to 0.2 mg-Pt cm-2.

Fig. 12. Change in current density at 0.7 V of cell voltage for the PEFC single cells
with Pt/CB (d), Pt–Co/CB (973 K) (N) and SiO2/Pt–Co/CB (973 K) (j) catalysts at
cathode during the accelerated durability tests.
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not observe the improvement in the activity of Pt catalysts for the
ORR by coverage with silica layer [22]. The surface area and parti-
cle size of the silica aerogel were significantly different from those
of silica layer in our catalysts. Thus, we consider that the high
activity of SiO2/Pt–Co/CB (973 K) for the ORR results from a high
alloying degree and a small particle size of Pt–Co alloys.

The cell voltage of these PEFC single cells was repeatedly chan-
ged between 0.05 and 1.0 V for the accelerated durability test of
the catalysts at the cathode as hydrogen and nitrogen gases were
fed into the anode and cathode, respectively. Fig. 12 shows the
change in catalytic activity for the ORR at the cathode (current den-
sity at 0.7 V cell voltage) during the accelerated durability test. The
catalytic activity of Pt/CB decreased rapidly during the early stages
of the accelerated durability test, and then it decreased slowly with
an increase in the number of potential cycles. The catalytic activity
of the Pt–Co/CB (973 K) also decreased gradually with an increase
in the number of potential cycles. In contrast, the catalytic activity
of SiO2/Pt–Co/CB (973 K) became higher with the number of the
potential cycling at early period of the durability test, although
the ECSA estimated by CVs for the catalysts slightly decreased dur-
ing the durability test as shown in Fig. 8. In the measurement of
CVs for SiO2/Pt–Co/CB (973 K) in Fig. 8, ca. 20 cycles of the poten-
tial cycling from 0.05 to 1.20 V were carried out to obtain the



238 S. Takenaka et al. / Journal of Catalysis 274 (2010) 228–238
reproducible CVs before the durability test of the catalysts by the
potential cycling from 0.05 V to 1.0 V. On the other hand, the cell
voltage was repeatedly changed from 0.05 to 1.0 V in the durability
test using the single cell in Fig. 12. The potential change for the
SiO2/Pt–Co/CB (973 K) would bring about the rearrangement of
surface structure in Pt–Co alloys, such as the formation of Pt-rich
surface, which causes the increase in the catalytic activity for the
ORR. The rearrangement of Pt–Co alloy surface likely occurs more
rapidly when the potential of the catalysts increases to 1.20 V.
Therefore, the increase in the ECSA of SiO2/Pt–Co/CB (973 K) could
not be observed during the measurement of CVs. After 200 cycles
of the potential cycling, the catalytic activity of SiO2/Pt–Co/CB
(973 K) did not change appreciably during the accelerated durabil-
ity test [27,28,36,48]. The small particle size and high alloying de-
gree of Pt–Co alloys in the SiO2/Pt–Co/CB (973 K) resulted in the
high activity and excellent durability for the ORR.
4. Conclusions

We have covered Pt–Co/CB catalysts with silica layers to inhibit
the aggregation of Pt–Co alloy particles during the treatment of the
catalysts at high temperatures to allow alloy formation. The cover-
age of Pt–Co/CB catalysts with silica promoted the formation of
Pt–Co alloys with a higher alloying degree and smaller particle size.
Thus, the silica-coated Pt–Co catalysts showed high activity and
excellent durability for the oxygen reduction reaction. The silica-
coating technique is useful for the preparation of various alloy
nanoparticle catalysts.
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