
H
P

C
S

a

A
R
R
A
A

K
H
P
P
C
B

1

i
a
w
a
t
f
t
c
a
m
a
o
b
t
b

s
p
a

0
d

Journal of Power Sources 195 (2010) 3425–3430

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

igh temperature polymer electrolyte membrane fuel cell performance of
txCoy/C cathodes

h. Venkateswara Rao, Javier Parrondo, Sundara L. Ghatty, B. Rambabu ∗

olid State Ionics and Surface Science Laboratory, Department of Physics, Southern University and A&M College, Baton Rouge, LA 70813, USA

r t i c l e i n f o

rticle history:
eceived 7 October 2009
eceived in revised form 4 December 2009
ccepted 7 December 2009
vailable online 16 December 2009

eywords:

a b s t r a c t

Carbon-supported Pt–Co alloy nanoparticles of varying Pt:Co atomic ratios of 1:1, 2:1, 3:1 and 4:1 are pre-
pared, characterized and tested in high temperature PEM fuel cell intend to reduce the Pt loading. These
electrocatalysts are prepared by borohydride reduction method in the presence of citric acid as stabi-
lizing agent. Face-centered cubic structure of Pt is evident from XRD. The positive shift of Pt diffraction
peaks with increasing cobalt content in the PtxCoy/C catalysts indicated the solubility of Co in Pt lattice.
The average crystallite size is found to be 6 nm in all the prepared catalysts. The electrochemical active
surface area (EAS) of the catalysts from CO-stripping voltammetry is calculated to be 65.2, 51.4, 47.7,
igh temperature PEMFCs
t–Co alloys
olybenzimidazole
athode
orohydride reduction method

41.5 and 38.3 m2 g−1 Pt for Pt/C, Pt–Co(4:1)/C, Pt–Co(3:1)/C, Pt–Co(2:1)/C and Pt–Co(1:1)/C, respectively.
These catalysts are used as cathode in the fabrication of polybenzimidazole-based membrane electrode
assembly (MEA) and the polarization curves are recorded at 160 and 180 ◦C. The results indicate the good
performance of Pt–Co alloys than that of Pt under the PEM fuel cell conditions. Among the investigated
electrocatalysts, Pt–Co(1:1)/C and Pt–Co(2:1)/C exhibited good fuel cell performance. Durability tests

abilit
also indicated the good st

. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) attract great
nterest as power sources for zero-emission vehicles and station-
ry applications due to their high efficiency and low-air pollution
hen compared with internal combustion engines. PEMFCs oper-

ted at high temperatures (≥160 ◦C) offer several advantages than
he low temperatures (≤100 ◦C) in terms of fuel cell efficiency, per-
ormance, kinetics of electrodic reactions, water management and
olerance to contaminants [1]. Even then the performance and effi-
iency are not sufficient to meet the desirable characteristics and
lso for commercialization. One of the issues mitigating the perfor-
ance is the sluggish kinetics of oxygen reduction reaction (ORR)

t cathode side [2]. Carbon-supported Pt is the successful cath-
de at the present stage, but still the ORR kinetics on Pt should
e improved and Pt loading should be decreased. It is certainly true
hat the move toward Pt alloys as the catalyst for ORR is necessary,
ut many issues still need to be resolved [3,4].
In terms of efficient cathode materials for ORR, there has been
ignificant research focused on platinum alloys to lower the over-
otential, increase the oxygen reduction activity and reduce the
mount of Pt. Pt has been alloyed with a variety of elements includ-

∗ Corresponding author. Tel.: +1 225 771 2493/4130; fax: +1 225 771 2310.
E-mail address: rambabu@cox.net (B. Rambabu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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y of Pt–Co(1:1)/C and Pt–Co(2:1)/C compared to Pt/C.
© 2009 Elsevier B.V. All rights reserved.

ing V, Cr, Ti, Mn, Fe, Co, Ni, W, Mo, Ir, Pd, Zn. An enhancement in
activity (1.5–5 times) for ORR on the alloy catalysts in comparison
to pure Pt has been reported using potentiodynamic RRDE mea-
surements [5–22]. It was also reported that the overpotential for
the ORR on Pt alloys is 20–40 mV less compared to Pt. Among the
various Pt bimetallic alloys, Pt–Co appears to be good. Usually, the
carbon-supported Pt alloy catalysts are prepared by the impregna-
tion of the second metal on Pt/C and then alloying at temperatures
above 973 K under reducing Ar–H2 gas atmosphere [23]. But the
heat-treatment at high temperatures gives rise to an undesired par-
ticle growth of the alloy; induce the sintering of particles and causes
the loss of surface area, which results in the decrease in specific
activity for ORR.

The fuel cell performance was found to depend significantly
on the sub-surface composition. Various authors reported that the
bimetallic Pt–Co in 1:1 or 2:1 or 3:1 as optimum for good perfor-
mance depending on the experimental conditions. Mukerjee and
Srinivasan [5] reported bulk Pt–Co alloys with atomic ratio 1:1
exhibited good ORR activity. According to Xiong et al. [9], who pre-
pared various carbon-supported Pt–Co electrocatalysts by a low
temperature reduction procedure with sodium formate, reported

that the Pt–Co electrocatalyst showed the best performance with
the maximum catalytic activity and minimum polarization at a
Pt:Co atomic ratio of around 1:7. Toda et al. [7] investigated the
electrocatalytic ORR activity of Pt alloys with Co formed by sputter-
ing, and observed maximum activity at ca. 40, 50 and 30% content

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rambabu@cox.net
dx.doi.org/10.1016/j.jpowsour.2009.12.022
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f Co respectively. They also observed an increase in kinetic cur-
ent densities by which 10 times larger than that of pure Pt. Kinetic
nalysis of the data in comparison to pure Pt, revealed an activity
nhancement of a factor of 2–3 for the 50 at.% Co-catalyst [8]. Huang
t al. [18] prepared carbon-supported Pt–Co alloy catalysts with
ifferent Pt/Co atomic ratios, 1:1, 2:1, 3:1, 4:1 and 5:1 by the car-
onyl complex route followed by H2 reduction in the temperature
ange of 423–573 K and reported the maximum activity with a Pt/Co
tomic ratio of 2:1. Grinberg et al. [19] prepared carbon-supported
t–Co alloys in 1:1 atomic ratio by the thermal decomposition of
rganometallic complexes of Pt and Co and found good ORR activity
han Pt alone. The inconsistency is due to the variation of geometric
actors (degree of alloying and Pt–Pt interatomic distance) and elec-
ronic factors (Pt d-band vacancies) resulting from the preparation

ethods and heat-treatments.
In the present study, carbon-supported PtxCoy (x = 1, 2, 3 and 4;

= 1) alloy nanoparticles are prepared by wet chemical method and
haracterized by XRD, SEM, and EDX. The electrochemical perfor-
ance of the PtxCoy/C as cathode in PEMFC operated at ≥160 ◦C is

nvestigated and compared with that of Pt/C.

. Experimental

.1. Materials

Hexachloroplatinic acid, cobalt chloride, citric acid (98%),
odium borohydride (98%), 3, 3′-diaminobenzidine (99%), N,N′-
imethylacetamide (99.5%), lithium chloride (99+%) and polyphos-
horic acid (115%) were purchased from Sigma Aldrich and used as
eceived. Isophthalic acid was purchased from Alfa Aesar (99%) and
urified by recrystallization in ethanol prior to use. Vulcan XC72R
arbon black (Cabot, USA) was used as the supporting material of
he Pt and Pt–Co alloy nanoparticles.

.2. Preparation of PtxCoy/C electrocatalysts by borohydride
eduction method

In a typical synthesis, aqueous solutions of hexachloroplatinic
cid (H2PtCl6·6H2O) and cobalt chloride (CoCl2·6H2O) are mixed
ith citric acid and stirred for 30 min to form complexes. pH of the

olution is found to be around 5. To the yellow color solution, 0.3 g
f Vulcan XC-72R carbon is added and stirred for 1 h. Then 0.3 g of
aBH4 dissolved in 50 mL de-ionized water (freshly prepared) is
dded dropwise to the above suspension and continuously stirred
or 5 h. After the addition of aqueous NaBH4, yellow color solu-
ion turns colorless due to the reduction of metal ions to metal
articles. Finally, the suspension is filtered, washed copiously with
e-ionized water and dried at 353 K for 2 h under vacuum. Carbon-
upported Pt–Co alloy nanoparticles of varying Pt:Co atomic ratios
f 1:1, 2:1, 3:1 and 4:1 are prepared. For comparison, carbon-
upported Pt is also prepared. The nominal metal loading on the
arbon is 40 wt.% in all the catalysts.

.3. Synthesis of m-polybenzimidazole and fabrication of PBI
embranes

m-Polybenzimidazole (m-PBI) polymer was synthesized fol-
owing the procedure described by Xiao et al. [24]. In a typical
ynthesis, 3.7135 g of isophthalic acid (22.35 mmol) and 4.7896 g
f 3, 3′-diaminobenzidine (22.35 mmol) were added to a three-
eck reaction flask in an argon filled glovebox, followed by 91.5 g

f polyphosphoric acid. The reaction mixture was stirred using a
echanical overhead stirrer and purged with a slow stream of

itrogen. The reaction temperature was maintained at 190–220 ◦C
or 16–24 h. Polybenzimidazole solution (5 wt.% PBI) used in the
reparation of catalyst ink was prepared by heating PBI and LiCl
urces 195 (2010) 3425–3430

(1.5 wt.% LiCl) in dimethylacetamide at 250 ◦C during 6 h. Inherent
viscosity (IV) of the polymer was measured at a polymer concen-
tration of 2 kg m−3 in concentrated sulfuric acid (96 wt.%) at room
temperature using an Ubbelohde viscometer.

The membranes used in fuel cell experiments were prepared
by casting the PPA polymer solution onto glass plates using an
adjustable film applicator (GARDCO MICROM II, Paul N. Gardner
Company). The gate clearance was fixed in 0.006 in. to obtain after
hydrolysis membranes of approximately 100 �m. Since polyphos-
phoric acid (PPA) is extremely hygroscopic, moisture is absorbed
from the atmosphere and PPA is being hydrolyzed to phosphoric
acid producing a gel that contains high amounts of phosphoric acid.
The concentration of phosphoric acid was estimated weighing a
membrane sample before and after removing phosphoric acid by
washing with ammonium hydroxide. The details of the chemistry
involved in gel formation can be encountered in Mader et al. [25].

2.4. Characterization techniques

XRD measurements were performed on a Rigaku D/max-RA X-
ray diffractometer using a CuK� source (� = 1.5406 Å) operated at
40 kV at a scan rate of 0.025◦ per second over the 2� range of 10–90◦.
A scanning electron microscope (JEOL JSM-840) equipped with EDX
was used to observe the surface morphology and elemental com-
position of the prepared catalysts.

2.5. Electrochemical measurements

In order to calculate electroactive surface area (EAS) of
the prepared electrocatalysts, CO-stripping voltammograms were
recorded at room temperature using a three electrode, one-
compartment electrochemical glass cell assembled with glassy
carbon (GC) disk as the working electrode, Ag/AgCl, 3.5 M KCl
(+0.205 V vs. NHE) as the reference and Pt foil as the counter elec-
trodes, respectively in a potentiostat (Princeton Applied Research
Potentiostat/Galvanostat model 273A). The working electrode is
fabricated by dispersing 5 mg of the catalyst in 5 mL of isopropanol
by ultrasonication for 20 min. An aliquot of 20 �L catalyst sus-
pension was pipetted onto the glassy carbon (GC) substrate. After
evaporation of the isopropanol in an argon stream, the deposited
catalyst was covered with 10 �L of a diluted Nafion® solution and
dried at room temperature. Current densities are normalized to the
geometric area of the glassy carbon substrate (0.07 cm2). For CO-
stripping voltammetry measurements, pure CO was bubbled into
the 0.5 M HClO4 electrolyte for 30 s and then its adsorption on the
electrode was driven under potential control at 0.2 V vs. NHE for
1 min. After fabrication, the electrodes are immersed in the elec-
trolyte and the voltammograms were recorded in the potential
region of +0.5 and +1.1 V vs. NHE to electro-oxidize the irreversibly
adsorbed CO and the subsequently voltammograms were recorded
in order to verify the completeness of the CO oxidation.

2.6. Membrane electrode assembly (MEA) fabrication and high
temperature PEMFC testing

MEAs with an active area of 3.24 cm2 were assembled by plac-
ing two gas diffusion electrodes (GDEs) at each side of the PBI
membrane. The MEA was assembled in a 5 cm2 single cell PEMFC
with single serpentine flow fields (Fuel Cell Technologies, Inc.),
using sub-gaskets to avoid direct pressure of the gaskets over the
membrane and hence protecting the membrane from excessive

pressure and stress during heating. The sub-gaskets had a thick-
ness of 25 �m and the gaskets 395 �m. The pinch, defined as the
difference between the MEA and the gaskets thickness was 75 �m.

Gas diffusion electrodes were prepared by painting with an air-
brush the microporous area of a gas diffusion layer (GDL Sigracet
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DL 10BB, 420 �m, SGL Carbon Group). Catalyst ink consisted
f home-made carbon-supported catalyst (0.2 g) to which DMAc
7.5 g) and 5 wt.% PBI solution (0.211 g) were added. The ink slurry
as stirred overnight to break up the catalyst powder in order to

et a homogenous ink. During the painting, the gas diffusion layer
as kept near an IR lamp to dry the ink between each applica-

ion. The metal loading of each electrode was measured by the
ifference in weight before and after painting and was kept in
.50 ± 0.05 mg cm−2. The anode was fabricated using commercial
t/C catalyst (platinum nominally 40% on carbon black, Alfa Aesar)
ith a loading of 0.5 mg Pt cm−2.

The performance was evaluated after conditioning for 24 h at
00 mA cm−2. The polarization curves were recorded at atmo-
pheric pressure using dry oxygen and hydrogen at 160 and 180 ◦C.
toichiometric ratios of 1.2 for hydrogen and 2 for oxygen, with
inimum flows of 0.1 L min−1 (hydrogen) and 0.2 L min−1 (oxy-

en) were employed in the experiments. A Compact Fuel Cell Test
ystem model 850e (Scribner Associates, Inc.) controlled using
uelCell® 3.9c software (Scribner Associates, Inc.) was used. Cell
esistance was measured at each operating condition by using the
urrent-interrupt and high-frequency impedance (1000 Hz) tech-
iques build into the fuel cell test station.

The electrode ionic resistance was evaluated using
mpedance spectroscopy (Princeton Applied Research Poten-
iostat/Galvanostat model 273A). The electrode resistance was
alculated by measuring the horizontal distance of the 45◦ branch
n the impedance spectra (Re/3) [26,27]. AC impedance spectra

ere recorded in H2/N2 mode using the fuel cell cathode as work-
ng electrode and the anode as counter electrode by applying an
C signal of 15 mV amplitude superimposed to a DC signal of 0.3 V

n the frequency range 50 kHz–0.1 Hz. Impedance measurements
ere taken after stabilization of the system for at least 15 min.

. Results and discussion

.1. XRD analysis

Powder XRD patterns of the carbon-supported Pt and PtxCoy

x = 1, 2, 3 and 4; y = 1) alloy electrocatalysts recorded in the 2�
ange of 10–90◦ are shown in Fig. 1. As can be seen, all the cat-
lysts exhibited five characteristic diffraction peaks at 2� values
round 40◦, 47◦, 68◦, 82◦ and 87◦ corresponding to the (1 1 1),
2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes of face-centered cubic (fcc)
tructure of Pt (JCPDS No. 87-0640). The broad peak observed at
round 2� = 25◦ is due to the hexagonal structure of carbon sup-
ort. No peaks corresponding to the Co or its oxides were observed.
he broad diffraction peaks suggests the nanocrystalline Pt and/or
t–Co species on carbon support. The average crystallite sizes of
t or Pt–Co alloys supported on carbon are calculated from line

roadening of the (2 2 0) diffraction peak (Gaussian–Lorentzian
eak) according to Scherrer’s equation: L = 0.9�/ˇ1/2 cos � where �

s the wavelength of the X-ray (0.15406 nm), � is the angle at the
osition of the peak maximum and ˇ1/2 is the width (in radians)
f the diffraction peak at half height and the values are given in

able 1
attice parameter, Pt–Pt interatomic distance, crystallite size, EDX composition and elect

Catalyst Lattice parameter (nm) Pt–Pt interatomic distance (nm) Crys

Pt/C 0.3919 0.2771 6.1
Pt–Co(4:1)/C 0.3908 0.2764 6.0
Pt–Co(3:1)/C 0.3884 0.2747 6.2
Pt–Co(2:1)/C 0.3868 0.2736 6.1
Pt–Co(1:1)/C 0.3814 0.2697 6.1
Fig. 1. Powder XRD pattern of carbon-supported Pt and Pt–Co catalysts: (a) Pt/C, (b)
Pt–Co(4:1)/C, (c) Pt–Co(3:1)/C, (d) Pt–Co(2:1)/C and (e) Pt–Co(1:1)/C.

Table 1. The average crystallite size of 6 nm is observed in all the
prepared catalysts due to the identical conditions maintained dur-
ing the preparation procedure. In the case of PtxCoy/C catalysts,
diffraction peaks are shifted to higher 2� values with respect to the
corresponding peaks in the Pt/C catalyst. Also the extent of shifting
increases with the content of cobalt in PtxCoy/C catalysts. The lat-
tice parameter (a) and Pt–Pt interatomic distance calculated from
the � and ˇ1/2 of diffraction peaks is given in Table 1. The gradual
decrease of lattice parameter with cobalt content in the PtxCoy/C
catalysts (obeying Vegard’s law) indicating the solubility of Co in
face-centred cubic Pt lattice. The extent of shift also suggests that
the interatomic distance of Pt is decreased due to the substitution
of cobalt. It is known that oxygen is adsorbed on Pt surface by dual
site mode; therefore the Pt–Pt nearest-neighbor distance plays the
key role to determine the adsorption behavior. Jalan and Taylor
[22] have studied the effect of Pt–Pt nearest-neighbor distance and
oxygen reduction activity of various platinum alloys. They claimed
that the short Pt–Pt nearest-neighbor distance in alloys compared
to that of the pure Pt causes the facile reduction of oxygen. So the
contraction of Pt lattice observed in the case of as-prepared cata-
lysts may be favourable for dissociation of oxygen and enhance the
kinetics thereby fuel cell performance.

3.2. SEM and EDX analyses

The scanning electron microscopic (SEM) images of carbon-
supported Pt and PtxCoy are shown in Fig. 2. Good spatial
distribution of metal particles on carbon support was observed.

The elemental composition (Pt:Co) calculated from the EDX spec-
tra of the carbon-supported Pt and PtxCoy alloy catalysts is given in
Table 1. It was observed that the average compositions were nearly
in agreement with those of the initial metal salt solutions.

rochemical surface area of the catalysts.

tallite size (nm) EDX composition (wt.%) Pt:Co Electrochemical surface
area (m2 g−1 Pt)

100:- 65.2
92.8:7.2 51.4
90.7:9.3 47.7
86.8:13.2 41.5
76.7:23.3 38.3
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ig. 2. Scanning electron microscopic images of carbon-supported Pt and Pt–Co cat

.3. Electrochemical active surface area (EAS) of the catalysts

Cyclic voltammetry was employed to calculate the electrochem-
cal active area of the carbon-supported Pt and PtxCoy catalysts
23]. The cyclic voltammograms obtained on the prepared cata-
ysts with a CO adsorbed ad-layer in the potential region of +0.5
nd +1.1 V vs. NHE are shown in Fig. 3. The peak at about 0.87 V vs.
HE represents the electrooxidation of the irreversibly adsorbed
O. The electrochemical active surface area (EAS) is calculated
sing the formula: EAS = QCO/(Pt loading × 0.484) where QCO is the
verall COads stripping charge and 0.484 is the charge required to
xidize a monolayer of CO on polycrystalline Pt [28]. The calcu-
ated EAS values are given in Table 1. It is calculated to be 65.2,
1.4, 47.7, 41.5 and 38.3 m2 g−1 Pt (within the error limits of ±5)
or Pt/C, Pt–Co(4:1)/C, Pt–Co(3:1)/C, Pt–Co(2:1)/C and Pt–Co(1:1)/C
atalysts, respectively.

.4. Characterization of the polymer
PBI synthesized using polyphosphoric acid process was char-
cterized by means of inherent viscosity (IV) and phosphoric acid
ontent. The acid content of home-made PBI membrane is 85 wt.%
hich corresponds to 18 mol of phosphoric acid per mol of polymer
: (a) Pt/C, (b) Pt–Co(4:1)/C, (c) Pt–Co(3:1)/C, (d) Pt–Co(2:1)/C, and (e) Pt–Co(1:1)/C.

repeating unit. These results are in good agreement with results
published by other authors using similar materials [29–31].

Inherent viscosity, which is an indirect measure of the molec-
ular weight, was in the interval of 0.7–0.9 dL g−1, depending on
the batch. The molecular weight calculated using Mark–Houwink
expression [32,33] was in the interval 115,000–150,000 g mol−1,
which corresponds to moderate molecular weight polymer [34].

3.5. Performance and durability of PtxCoy/C cathode materials in
HT-PEMFCs

Electrode resistance measured by impedance spectroscopy in
H2/N2 mode was found to be 1.1 ± 0.3 Ohm-cm2 at 160 ◦C. This
value is high when compared with commercial Pt/C catalyst
(0.1 ohm-cm2). This is probably due to the semi-metallic nature
of the alloying element and contact resistances in the fuel cell.

The fuel cell performance curves, i.e., iR-corrected polarization
curves recorded at 160 and 180 ◦C are shown in Figs. 4 and 5

respectively. The corresponding open circuit voltage (OCV) and
electrochemical performances are given in Table 2. Pt–Co alloys
exhibited an open circuit voltage of ≥0.9 V at both 160 and 180 ◦C
which is comparable with that found with Pt (∼0.9 V). At low cur-
rent densities (200 mA mg−1 Pt), Pt–Co alloys (with Co loadings
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Table 2
High temperature PEMFC performance of Pt and PtxCoy cathodes.

Catalyst OCV (V) at 160 ◦C Voltage at 200 mA mg−1 Pt in
PEMFC operated at 160 ◦C

OCV (V) at 180 ◦C Voltage at 200 mA mg−1 Pt in
PEMFC operated at 180 ◦C

Pt/C 0.90 0.605 0.87 0.51

o
w
P
l
i
a
i
e
[
t

F
(
0

F
P
a

Pt–Co(4:1)/C 0.92 0.595
Pt–Co(3:1)/C 0.935 0.62
Pt–Co(2:1)/C 0.94 0.62
Pt–Co(1:1)/C 0.92 0.625

f Pt–Co(3:1) and higher) exhibited good performance compared
ith that of Pt/C. At high current densities (>200 mA mg−1 Pt),

t–Co(1:1)/C and Pt–Co(2:1)/C exhibited good performance with
ow polarization losses among the investigated catalysts. The
mprovement in the electrochemical performance of the Pt–Co cat-

lysts with respect to pure Pt is due to the change in the Pt–Pt
nteratomic distance and surface structure of Pt by the alloying
lement, Co [5,6,22,35]. Studies performed on Pt–Co bulk alloys
36] also showed that the surface region is dealloyed by oxida-
ion to form a cobalt oxide overlayer when heated in oxygen at

ig. 3. CO-stripping voltammograms of carbon-supported Pt and Pt–Co catalysts:
a) Pt/C, (b) Pt–Co(4:1)/C, (c) Pt–Co(3:1)/C, (d) Pt–Co(2:1)/C, and (e) Pt–Co(1:1)/C in
.5 M HClO4 at 10 mV s−1.

ig. 4. H2/O2 HT-PEMFC polarization curves (iR-corrected) with Pt/C (anode) and
txCoy/C (cathode) electrocatalysts with various Co contents for oxygen reduction
t 160 ◦C and 1 atm (inset shows the comparison at low current density).
0.91 0.565
0.93 0.615
0.935 0.62
0.915 0.63

fuel cell operating temperatures. The oxide overlayer dissolves in
hot concentrated phosphoric acid, leaving a dealloyed pure Pt sur-
face region on top of the bulk alloy. Moreover, XPS data suggested
that the amount of platinum oxide content in the carbon-supported
Pt–Co alloy electrocatalyst is lower than that in Pt [37], which could
explain why the catalysts containing more Co outperform Pt/C
catalyst especially at higher temperatures in the highly oxidizing
environment encountered in the high temperature PEMFC. Popov
and co-workers also reported the good stability of Pt alloys com-
pared to that of pure Pt catalysts under fuel cell conditions [38,39].
They proposed that it might be due to the lower rate of Pt oxidizabil-
ity, Pt dissolution–redeposition and sintering of Pt alloy particles
when compared to pure Pt catalysts under fuel cell conditions. The
lower rate of Pt oxidizability (which reflects the stability) in the
PtxCoy/C catalysts compared to pure Pt can be explained by the d-
orbital coupling between the low occupancy of d-orbitals in Co and
high occupancy of d-orbitals in Pt which leads to the decrease of
the DOS at the Fermi level of Pt and down shift the Pt d-band cen-
ter energy [35,40]. The foreign atoms in the PtxCoy alloys behave as
electron donors to the Pt atom; thus Pt becomes negatively charged
and Co becomes positively charged. As a result, it causes the strong
interaction of Co with the negatively charged O of the oxygenated
species. The binding energies of several oxygenated species such
as O, OH, and H2O to bimetallic clusters PtCo, PtPtCo and PtCoCo
calculated by DFT calculations also show that the second metal ele-
ment in the alloy has a stronger affinity for OH, O, and H2O than the
Pt sites [40].

The stability of the Pt–Co catalysts in a high temperature fuel

cell was tested to prove that the catalyst can be used in realis-
tic applications. Since the degradation of the catalyst occurs at
high temperatures, PEM fuel cell was operated at 180 ◦C and the
cell voltage–time plot of the catalysts was recorded for 50 h by

Fig. 5. H2/O2 HT-PEMFC polarization curves (iR-corrected) with Pt/C (anode) and
PtxCoy/C (cathode) electrocatalysts with various Co contents for oxygen reduction
at 180 ◦C and 1 atm (inset shows the comparison at low current density).
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ig. 6. Cell voltage–time plots of Pt/C and PtxCoy/C electrocatalysts with various Co
ontents for 50 h of PEMFC operating at 180 ◦C and 100 mA mg−1 Pt.

rawing a constant current of 100 mA mg−1 Pt. The corresponding
ell voltage–time plot of the catalysts under the identical PEMFC
onditions is shown in Fig. 6. It indicates that the Pt–Co(1:1) and
t–Co(2:1) catalysts were stable at high temperatures (180 ◦C)
nder highly oxidizing conditions (cathode at 0.5–0.6 V in pres-
nce of pure oxygen). Also the performance is higher than that of
t/C. Membrane resistance was also stable during the experiment
roving the absence of electrolyte loss (phosphoric acid contained

n the PBI membrane).

. Conclusions

Carbon-supported Pt–Co alloy nanoparticles of varying Pt:Co
tomic ratios were prepared by borohydride reduction method
nd characterized using XRD, SEM, EDX, and electrochemical
mpedance spectroscopy. High temperature PEMFC measurements

ere performed at 160 and 180 ◦C using PBI-MEAs based on
t–Co(1:1 and 2:1) alloys showed good performance. Durability
ests performed in a high temperature PEM fuel cell at 180 ◦C
nd 100 mA mg−1 Pt probed that Pt–Co(1:1 and 2:1) catalysts
ere stable during 50 h of operation. Membrane resistance was

onstant during the test proving the absence of phosphoric acid
oss. The good performance and stability of the Pt–Co(1:1)/C and
t–Co(2:1)/C make them as applicable cathodes for high tempera-
ure PEMFCs.
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