
Journal of Power Sources 155 (2006) 253–263

Stability of platinum based alloy cathode catalysts in PEM fuel cells
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Abstract

Corrosion and surface area changes of platinum (Pt) based catalysts supported on carbon were evaluated using an accelerated durability
test (ADT). The results obtained using the ADT were correlated to the performance of the Pt based catalysts in the fuel cell. The catalytic
activity and dissolution rate of the alloying metal from the Pt-alloy catalysts were estimated in the same time domain. A strong correlation was
observed between the amount of the alloying metal dissolved and the oxygen reduction reaction (ORR) activity of the Pt-alloy catalysts. The
Pt catalyst exhibited loss of active surface area, and a resulting decrease in the ORR activity was observed. The Pt/C and Pt–Co/C catalysts
showed similar behavior in both ADT and in the fuel cell testing. Cross-sectional studies by electron microprobe analysis of the membrane
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lectrode assembly after fuel cell testing revealed cobalt dissolution followed by diffusion into the membrane.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Highly dispersed platinum crystallites on a conductive
upport that has a high surface area, such as carbon black,
s used as electrocatalyst for hydrogen oxidation and oxygen
eduction reactions [1,2]. The use of highly dispersed crys-
allites on high surface area carbon particles increases both
he active surface area and the electrocatalytic activity of the
atalyst. The overpotential of the anode when operated on
eat hydrogen is on the order of tens of microvolts. However,
t the cathode, the overpotential caused by slower kinetics is
n excess of 300 mV from the thermodynamic potential for
xygen reduction reactions (ORR), even when pure Pt is used
1]. The search for more active and less expensive ORR cat-
lysts with better stability than Pt based catalysts has led to
he development of binary and ternary Pt-alloys [3–5].

Studies of ORR on Pt-alloys supported on carbon black
or phosphoric acid fuel cells (PAFC) and polymer electrolyte
uel cells (PEFC) have indicated the enhancement in activity
s a result of the shortening of the distance to the nearest

neighbor by alloying [3–5]. Other properties intrinsic to Pt-
alloys have been attributed to the increase in activity. This
includes the exposure of a more active vicinal plane (1 0 0) on
dispersed platinum particles. The exposure of the more active
plane is believed to take place during the heat treatments used
to induce alloy formation in the particles [6]. Mukerjee et al.
[7] and Toda et al. [8] explains the enhancement on the basis
of the augmentation of Pt d-vacancy and the effect of higher
affinity for the oxygenated species on the catalyst.

The loss of activity in PAFC during testing has been
explained by the loss of active surface area due in part to
particle agglomeration [9–13] and the leaching of the alloy-
ing metal into the electrolyte [14–16]. The acid environment
in the PEMFC is different from that of PAFCs because the
anions of the perfluorinated sulfonic acid polymer are only
weakly adsorbed to the Pt surface. In addition, the operating
temperature of the PEMFC is more than half that of the PAFC.
As a result, a better stability is expected for the catalysts in
the PEMFC. Wilson et al. studied the particle growth for Pt
catalyst after testing the catalyst in a fuel cell for 4000 h of
continuous operation. Wilson et al. found that approximately
∗ Corresponding author. Tel.: +1 803 777 7314; fax: +1 803 777 8265.
E-mail address: popov@engr.sc.edu (B.N. Popov).

60% of the active surface area was lost [17]. Other studies
in wet cells have shown that after the catalysts have been
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briefly immersed in an acid electrolyte, a skin consisting of
a monolayer of pure Pt forms on the surface of the Pt-alloys
[8,18,19]. These results indicate the dissolution of the metal
from the cathode catalyst during the cell operation. In our
previous work [20] we developed an accelerated durability
test (ADT), which was used to identify the reasons for the
decrease in performance of Pt and Pt-alloy catalysts.

The objective of this work was to study the different com-
mercially available platinum bimetallic catalysts by using the
ADT, and then to correlate the results to the actual behavior
of the Pt based catalysts in the fuel cell.

2. Experimental

2.1. Electrochemical measurement of the activity for the
ORR

A glassy carbon rotating disk electrode (GCRDE) was
used for the determination of the active surface area and eval-
uation of the catalyst’s electrocatalytic activity. The exper-
iments were performed in 0.3 M H2SO4 solution at room
temperature, where a saturated calomel electrode (SCE) was
used as the reference electrode. The catalyst ink was prepared
by ultrasonically blending the catalyst (2.8 mg) with 1 mL of
distilled water for 5 min in a Branson Ultrasonic Cleaner.
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Table 1
Commercially available platinum based catalysts considered in this study

Catalyst Metal Atomic ratio (Pt:M)

20Pt/C Pt –
20Pt1Ni1/C Pt:Ni 1:1
20Pt3Ni1/C Pt:Ni 3:1
20Pt1Co1/C Pt:Co 1:1
20Pt3Co1/C Pt:Co 3:1
20Pt1Fe1/C Pt:Fe 1:1
20Pt1V1/C Pt:V 1:1

Metal loading is 20 wt.% on Vulcan XC-72.

fusion constant in the Nafion film. Since the film thickness
was reduced to the extent that the Nafion film diffusion lim-
ited current density, ‘if’ becomes significantly larger than the
kinetically limited current density ‘ik’ and diffusion limited
current density, ‘il’, the influence of ‘if’ on the measured cur-
rent in our experiments was negligible. By plotting i−1 versus
ω−1/2 and extending the regression line, the y-intercept or the
inverse of the kinetic current can be calculated.

2.2. Electrode preparation

The commercial catalysts PtxM1 supported on Vulcan XC-
72 (20 wt.% metal loading) were purchased from E-TEK
(see Table 1). The electrodes were prepared by ultrasonically
blending 0.2 g of carbon catalyst, 0.706 g of Nafion solu-
tion (5 wt.% from Aldrich) and 4 mL of isopropyl alcohol
for 1 h. The catalyst solution was sprayed on the surface of a
single-sided uncatalyzed gas diffusion layer (GDL) by using
a Paasche air brush. The GDL was obtained from ETEK.
The area of the electrode was fixed at 10 cm2. After the
catalyst was sprayed, the electrode was dried at 80 ◦C for
30 min. The process was repeated until a total metal loading
of 0.4 mg cm−2 was achieved.

2.3. Accelerated durability test
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he ink (10 �L) was then placed on the glassy carbon sur-
ace of the RDE. After drying, a catalyst loading of ∼28 �g
as achieved on the GCRDE. A volume of 5 �L of a mix-

ure of Nafion solution (5 wt.% from Aldrich) and isopropyl
lcohol (1:20) was applied on the dry catalyst to ensure bet-
er adhesion of the catalyst on the glassy carbon surface. The
xperiments were performed using a three-neck round bottom
ask containing 0.3 M H2SO4 solution. Initially, in order to
lean the surface of the catalyst, the system was purged with
2 and cycled between 1.24 and −0.03 V versus normalized
ydrogen electrode (NHE) at a scan rate of 50 mV s−1. Next,
he electrode was polarized by using a 5 mV s−1 scan rate in
rder to evaluate the electrochemically active surface area.

Hydrodynamic voltammograms (at rotation rates varied
rom 300 to 3000 rpm in 0.3 M H2SO4 solution saturated
ith O2) for ORR were recorded between 1.04 and 0.24 V
ersus NHE at a scan rate of 5 mV s−1. The Koutecky–Levich
quation [21] is used to calculate the kinetic currents

1

i
= 1

ik
+ 1

il
+ 1

if

= 1

nFkC0
+ 1

0.62nFAD
2/3
O ω1/2ν−1/6C0

+ L

nFcfDf
(1)

here ‘C0’ is the bulk concentration, ‘ν’ the kinematic vis-
osity, ‘ω’ the rotation rate in radians per second, ‘DO’ the
iffusion of O2 in the bulk, ‘A’ the surface area, ‘n’ the num-
er of electrons exchanged in the electrochemical reaction,
F’ the Faraday’s constant, ‘L’ the film thickness, ‘cf’ the
eactant concentration in the Nafion film and ‘Df’ is the dif-
The ADT cell consists of a three-electrode system, which
ncludes a reference electrode, a platinum mesh counter elec-
rode and a catalyst-coated GDL as a working electrode.
o avoid any chloride contamination, Hg/Hg2SO4 electrode
as used as a reference electrode. The ADT experiments
ere carried out by immersing the electrodes in 200 mL of
.3 M H2SO4 solution, which mimics the environment of the
lectrode–membrane interface of the cathode side. The dif-
erence between the actual fuel cell test using a membrane
lectrode assembly (MEA) and ADT is that in the case of
EA only the catalyst, which is in contact with the membrane

s active. Also, the proton electromigration and diffusion (the
roton mobility) is limited due to the presence of a solid
olymer electrolyte interfacing the cathode and the anode.
n the case of ADT, the entire active surface of the catalyst
s exposed and high proton mobility in the liquid results in

ore severe catalyst corrosion than that observed in the MEA.
nder these conditions, the deterioration of the catalysts is

ccelerated. A fixed potential of 0.9 and 0.8 V versus NHE
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was applied to the working electrode (the catalyst-coated
GDL) and the responding current was recorded by using an
Arbin instrument (Model No. BT-2043).

During the ADT, approximately 3 mL of the test solution
(0.3 M H2SO4) was taken out periodically and analyzed using
atomic absorption spectroscopy (AAS, Perkin-Elmer 3300).
Using this procedure, it was possible to estimate the disso-
lution rate of the non-noble metal catalyst in the solution
as a function of time and applied potential. The experiment
was terminated after approximately 480 h, which is the point
where the ORR current reaches steady state.

Also, an EG&G PAR model 273 potentiostat was used to
record cyclic voltammograms (CV) on an identical cathode
electrode. A similar three-electrode system as that described
above was used for the study. In order to avoid interference
of the ORR, the CVs were recorded in 0.3 M H2SO4 solution
purged with nitrogen. The CVs were recorded as a function
of time at the scan rate of 5 mV s−1 in a potential window of
1.24 to −0.03 V versus NHE for the duration of 1100 cycles.

2.4. Fuel cell testing

The actual performance of the catalysts was studied in a
fuel cell. For these experiments, the most promising platinum
alloy (20 wt.% Pt3Co on Vulcan XC-72) catalyst was selected
and compared with the pure platinum catalyst (19.6 wt.% Pt
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catalyst before and after the test. Backscattering scanning
electron microscope (BSEM) and electron microprobe anal-
ysis (EMPA, EMPA Cameca SX50) were used to determine
the distribution of the elements across the MEA before and
after test. X-ray diffraction analysis (XRD, Rigaku 405S5
with Cu K� as the ration source) was carried out on the sam-
ples to examine the change of the structure of the catalyst
after the ADT test.

3. Results and discussion

3.1. Electrochemical measurement on the activity for the
ORR

Fig. 1 shows a typical CV obtained for 20% Pt/C com-
pared to the CVs obtained for 20% Pt3Co/C and 20%
PtCo/C alloys. The two peaks observed correspond to the
oxidation–reduction of Pt and desorption–adsorption of
hydrogen on the Pt surface.

In the case of Pt-alloys, a potential shift of approximately
80 mV occurs at 0.7 V versus NHE where the onset of oxide
formation is observed. The observed positive shift indicates
the creation of a weakly adsorbed oxide layer on the Pt
surface, which is easier to reduce, and. increases the ORR
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n Vulcan XC-72). The cathode catalyst ink was prepared by
ltrasonically blending a mixture of 0.2 g of catalyst, 1.33 g
f Nafion solution and 4 mL of isopropyl alcohol in a Bran-
on Ultrasonic cleaner for 1 h. The catalyst solution was then
prayed onto the surface of a single-sided uncatalyzed gas
iffusion layer obtained from E-TEK. After the catalyst was
prayed, the electrode was dried at 80 ◦C for 30 min. The pro-
ess was repeated until a total metal loading of 0.4 mg cm−2

as achieved. After loading the catalyst, a thin layer of Nafion
0.4 mg cm−2) was applied on the surface of the electrode to
mprove the catalyst membrane adhesion. The anode elec-
rode used was a commercial E-TEK electrode (30 wt.% Pt)
ith a loading of 0.5 mg cm−2 of Pt on the GDL. As in the

ase of the cathode electrode, a layer of Nafion was applied
n the surface of the anode. MEAs with an area of 10 cm2

ere fabricated by hot pressing the cathode and anode elec-
rodes to a pre-conditioned membrane (Nafion 112 form Alfa
esar) at 140 ◦C at 533.8 kPa for 3 min.
The performance of the MEAs was studied as a function

f time at atmospheric pressure and at an operating tempera-
ure of 75 ◦C. Pure oxygen gas humidified at 75 ◦C and pure
ydrogen gas humidified at 77 ◦C were passed to the cath-
de and the anode compartment, respectively. The cells were
un at a constant load of 1 A cm−2, where the CVs were per-
ormed periodically in order to estimate the change of the
lectroactive surface area as a function of time.

.5. Physical characterization

Transmission electron microscopy (TEM, Hitachi H-
000) was used to determine the change in particle size of
ctivity of the Pt-alloys as discussed by Paulus et al. [23].
he hydrogen adsorption–desorption potential in the region
etween 0.05 and 0.25 V versus NHE is similar for both Pt
nd Pt-alloys. However, a reduction in the hydrogen under-
otential deposition (HUPD) area is observed in the case of
t-alloys. This reduction can be attributed to the increase

n particle size. Pt-alloys with 75 at.% Pt (i.e., 20Pt3Co/C)
how a similar strong and weak HUPD peak, while Pt-alloys

ig. 1. Voltammograms for Pt and Pt-alloys in 0.3 M H2SO4 purged with N2

t room temperature at a sweep rate of 5 mV s−1. The catalyst layer consist
f a total metal loading of 28 �g and 5 �L of a mixture of Nafion solution
5 wt.% from Aldrich) and isopropyl alcohol (1:20).



256 H.R. Colón-Mercado, B.N. Popov / Journal of Power Sources 155 (2006) 253–263

Fig. 2. Polarization curves of Pt and Pt-alloy on rotating disk electrode in
0.3 M H2SO4 saturated with O2 at room temperature and rotated at 2400 rpm.
The catalyst layer consist of a total metal loading of 28 �g and 5 �L of a
mixture of Nafion solution (5 wt.% from Aldrich) and isopropyl alcohol
(1:20).

with 50 at.% Pt (i.e., 20Pt1Co1/C) show a modification on
the strongly bound HUPD peak. This phenomenon has been
attributed to variations in the surface faceting [22,23]. The
area under the HUPD desorption peak was used to calculate the
electrochemical surface area. A conventional electrochemi-
cal method based on the electrical charge required for the
hydrogen adsorption–desorption on a polycrystalline Pt sur-
face area (210 �C cm−2) was used [8].

Fig. 2 shows a typical polarization curve of 20% Pt/C
and 20% PtFe/C alloy obtained at room temperature in 0.3 M
H2SO4 saturated with O2 using a GCRDE at 2400 rpm. At
high potentials, the ORR is under the kinetic-diffusion control
region. This region is followed by a purely diffusion limited
region between 0.55 and 0.1 V versus NHE. A reduction of
approximately 80 mV in overpotential occurs for the ORR
when Pt is alloyed with iron is clearly seen in the kinetic-
diffusion control region. An increase in the rotational speed of
the rotating disc electrode results in an increase of the limiting
current, due to an increase in the availability of oxygen at the
electrode surface. Similar curves are obtained for different
alloys.

The Koutecky–Levich (i−1 versus ω−1/2) plots obtained
for different rotation speeds at potential range between 0.74
and 0.8 V versus NHE are presented in Fig. 3 for Pt1Fe1/C.
Linear relationships with constant slopes are observed at each
potential. The kinetic currents per milligrams of metal at
0
i
t
d
(
o
w

Fig. 3. Koutecky–Levich plots at various potentials measured on 20Pt1Fe1/C
in 0.3 M H2SO4 saturated with O2 at room temperature. The catalyst layer
consist of a total metal loading of 28 �g and 5 �L of a mixture of Nafion
solution (5 wt.% from Aldrich) and isopropyl alcohol (1:20).

lyst shows the lowest activity. The alloy composition also
controls the activity enhancement. For example, in case of
Pt–Co alloy, a higher activity is observed when Pt:Co ratio is
3:1 (20% Pt3Co1/C), while for the Pt–Ni alloy higher activity
is observed when Pt:Ni ratio is 1:1 (20% Pt1Ni1/C).

3.2. Electrochemical and physical characterization of
the electrode surface area as a function of time

Fig. 5a and b shows the CVs for 20% Pt/C and 20%
Pt1Co1/C after consecutive cycling. With cycling, a reduc-
tion on the HUPD peak is observed for all catalysts indicating
an increase in the metal particle size. The CVs reveal that as

F
d

.792 V versus NHE for the different catalysts are shown
n Fig. 4. The alloys showed an increase in the activity of
he ORR. The observed increase of the activity was found to
epend on the alloying element and on the platinum to metal
Pt/M) atomic ratio. The catalytic activity increase is in the
rder of: Pt < Pt-Ni < Pt-V < Pt-Co < Pt-Fe. Thus, Pt alloyed
ith Fe shows the highest activity while the pure Pt cata-
ig. 4. Kinetically controlled ORR currents at 0.792 V vs. NHE for the
ifferent Pt based catalysts.
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Fig. 5. Voltammograms after consecutive cycling for Pt (a) and Pt1Co1 alloy
(b) in 0.3 M H2SO4 purged with N2 at room temperature at a sweep rate
of 5 mV s−1. The cathode catalyst layer consist of total metal loading of
0.4 mg cm−2 and 15 wt.% dry Nafion content on a 10 cm2 GDL.

the surface area decreases the strong and weak HUPD peaks
become more distinct and the fraction of the strong adsorption
peak to the total HUPD grows gradually. In the case of pure
Pt catalyst, the growth in the separation of the two adsorp-
tion peaks and the Pt particle size increase can be correlated,
as observed by Kinoshita [24], to an increase in the number
of atoms in the (1 1 1) and (1 0 0) crystal phases normalized
to the total number of atoms on the surface of the particle.
The difference in the extent of the separation of the HUPD
observed for pure Pt and Pt-alloys could be due to the disso-
lution of the alloying metal from the surface of the catalyst
particles.

Fig. 6 shows the electrochemical surface area as a func-
tion of the cycle number obtained for different Pt catalysts.
The surface area was estimated by integrating the HUPD peak
and assuming the hydrogen adsorption–desorption process

Fig. 6. Electrochemical surface area as a function of cycle for the differ-
ent Pt catalysts obtained by integrating HUPD peak and assuming hydrogen
adsorption–desorption on a polycrystalline Pt surface (210 �C cm−2). The
cathode catalyst layer consist of total metal loading of 0.4 mg cm−2 and
15 wt.% dry Nafion content on a 10 cm2 GDL.

occurs on a polycrystalline Pt surface. During the first cycle,
the surface area initially increases until it reaches a maximum
value. This initial increase occurs due to the initial wetting of
the thin Nafion layer covering the catalyst particles. After sat-
uration of the active material with the electrolyte, the surface
area starts to decrease. Similar behavior is observed for all
tested catalysts where Pt showed initial higher active surface
area due to its smaller particle size (2.86 nm) when compared
to the initial particle size of the platinum alloy catalyst. As
shown in Fig. 6, the surface area of pure platinum and plat-
inum alloy catalyst decreases with the increase of the number
of cycles. Note that after 1000 cycles, the surface area of
Pt3Ni1/C approaches that of Pt/C.

During the CV measurements, the catalysts were exposed
to extremely corrosive conditions. By polarizing the catalyst
in acidic media, the corrosion of the carbon support results
in a loss of the active surface area due to particle sintering
[25,26]. Different mechanisms of Pt dissolution–redeposition
on the catalyst surface and Pt migration through the surface
have also been suggested [9–13,27] to explain the increase
of the catalyst particle with time.

In the case of platinum alloys, both the non-noble metal
particles and Pt dissolve into the electrolyte. Then the dis-
solved Pt redeposits on the surface of larger particles, a phe-
nomenon known as Ostwald ripening [15]. After 1000 cycles,
as shown in Fig. 6, the highest loss of surface area (∼57%)
f
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rom the pure platinum catalyst indicates that the processes
f Ostwald ripening, Pt particle migration and sintering occur
t a higher rate when compared to the redeposition and par-
icle sintering of platinum alloys. Whereas, the lowest sur-
ace area loss (∼43%) was observed for the catalyst with a
on-noble metal content of 25 at.% (i.e., 20% Pt3Co1/C and
0% Pt3Ni1/C).
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Fig. 7. TEM images of 20Pt/C (a), 20Pt3Ni1/C (b) and 20Pt3Co1/C (c) before and after consecutive cycling in 0.3 M H2SO4 purged with N2 at room temperature.

Fig. 7a–c shows the TEM images of 20% Pt/C, 20%
Pt3Ni1/C and 20% Pt3Co1/C, respectively. From these ima-
ges, it is observed that there is a considerable particle growth
consistent with the surface area decrease observed in Fig. 6.

3.3. Accelerated durability test

In our previous work, it was shown that higher degradation
of the Pt-alloys is observed at high potentials, more precisely
in the region where the ORR is kinetically controlled [20].
For this reason, we concentrated our efforts in studying the
durability of the catalysts at 0.8 and 0.9 V versus NHE, where
the major damage is expected to occur during normal fuel cell
operation.

Fig. 8 shows the change in ORR current as a function of
time at 0.8 V versus NHE for three selected catalysts: 20%
Pt/C, 20% Pt3Ni1/C and 20% Pt3Co1/C. The insert shows the
data of all materials tested at 0.8 V versus NHE. At the begin-
ning of the ADT the current initially increases until it reaches
a maximum value. This initial increase occurs as part of the
initial wetting and saturation of the thin Nafion layer covering
the catalyst particles. The amount that the initial peak inten-
sity increases is determined by correlating the initial activity
and the particle size of the catalyst. Once the current reaches
the maximum, it starts to decrease rapidly for the first 100 h
until it reaches a slow, but steady decay. Shown on the insert
o
P

However, after reaching steady state, the activity decay is
highest when compared to the other alloy catalysts. Fig. 8
shows that after the initial decay and once the current have
reached steady state (after 100 h), 20% Pt/C shows the lowest
activity in agreement with the results presented in Fig. 4.

Fig. 8. Polarization data as a function of time for the different Pt based
catalysts for a fixed potential of 0.8 V vs. NHE in 0.3 M H2SO4 saturated
w
m
G

f Fig. 8, the highest initial current was observed for 20%
t1Fe1/C, which correlates to the activity observed in Fig. 4.
ith O2 at room temperature. The cathode catalyst layer consist of total
etal loading of 0.4 mg cm−2 and 15 wt.% dry Nafion content on a 10 cm2

DL.
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Fig. 9. Polarization data and non-noble metal dissolution data as a func-
tion of time for 20Pt3Co1/C (a) and 20Pt3Ni1/C (b) fixed at a potential of
0.8 V vs. NHE. The cathode catalyst layer consist of total metal loading of
0.4 mg cm−2 and 15 wt.% dry Nafion content on a 10 cm2 GDL.

Fig. 10. Non-noble metal dissolution data as a function of time for the dif-
ferent Pt-alloy catalysts at a potential fixed to 0.8 V vs. NHE.

Fig. 9a and b shows the ORR current as a function of time.
These figures also show the percentage losses of Co and Ni
metals dissolved from 20% Pt3Co1/C and 20% Pt3Ni1/C alloy
samples polarized at 0.8 V versus NHE. Since both studies
were done in the same time domain, the results indicate a
strong correlation between the amount of metal dissolved in
the electrolyte and the value of the ORR current decay. The
main cause for the initial rapid decay of the catalytic activity
for the Pt-alloys is the metal dissolution. However, as can
be observed in Fig. 8, the initial decay is faster for pure Pt
catalyst, which indicates a different mechanism in the activity
decay for the pure Pt catalysts.

Fig. 10 shows the dissolution rate estimated for different
Pt-alloy catalysts at 0.8 V versus NHE. The highest metal
loss was estimated for the samples with a Pt to non-noble
metal ratio of 1:1. As expected, the metal loss in the sam-
ples with a Pt to non-noble metal ratio of 3:1 is lower than
that estimated for 1:1 Pt/M ratio. In case of 1:1 Pt/M ratio,
Pt–Ni alloy shows the lowest metal dissolution followed by

F
A

ig. 11. XRD patterns of Pt/C (a) and Pt3Ni1/C (b) fresh and after 480 h of
DT at 0.8 and 0.9 V vs. NHE.
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Fig. 12. TEM images of 20Pt/C (a), 20Pt3Ni1/C (b) and 20Pt3Co1/C (c) before and after ADT test at 0.9 and 0.8 V vs. NHE.

iron. However, higher dissolution of Fe can be expected after
100 h, since according to Fig. 10, the dissolution rate observed
for Co and Ni is slower than that of Fe. According to the
mixed potential theory, the corrosion potential should be
between the standard hydrogen reduction potential (0 V ver-
sus SHE) and the metal reversible potential (−0.250, −0.277
and −0.440 V versus NHE for Ni, Co and Fe, respectively).
Since the applied potential in the ADT is more positive than
the corrosion potential, the oxidation overpotential of the
metals increases as the corrosion potential decreases thereby
increasing the driving force for the metal dissolution reaction.

The powder X-ray diffraction patterns of the Pt/C and the
Pt3Ni1/C are given in Fig. 11a and b, respectively. The X-
ray pattern of the fresh sample was taken using the received
catalyst powder. In the case of the tested sample, the X-ray
pattern was taken using the powders spread over the GDL.
The diffraction peak at 2θ of 25◦ shown in the catalysts is

associated with the (0 0 2) plane of the hexagonal structure
characteristic of carbon blacks [28]. The increase in mag-
nitude observed in the carbon peak intensity for the tested
samples can be explained by the contribution of the carbon on
the microporous layer on the GDL. The characteristic diffrac-
tion peaks of the face centered cubic structure are detected in
the platinum supported carbon catalyst samples. The diffrac-
tion peaks at 2θ values of 40, 47 and 67 are associated with the
Pt (1 1 1), (2 0 0) and (2 2 0) planes, respectively. Among the
diffraction peaks of Pt-alloys, the typical peaks correspond-
ing to the unalloyed metals are not detected. However, in the
case of the Pt-alloy catalysts, the diffraction peak (1 1 1) of
Pt shifts slightly to higher Bragg angles. The shift indicates a
decrease in the lattice constant in the presence of the alloying
metal. Such evidence accounts for the formation of Pt-alloy
in the catalyst. The XRD patterns of the Pt-alloy catalyst after
the ADT analysis at 0.8 and 0.9 V versus NHE showed lattice
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constants similar to those of pure Pt catalyst (see Fig. 11b).
This result suggests that the non-noble alloying metal has
dissolved in the electrolyte and supports the fact that mech-
anism of non-noble metal dissolution causes the decline in
the performance of the Pt-alloy catalysts. Similar results have
been observed by Roh et al. for Pt–Cu–Fe alloy [16], and by
Yu et al. for Pt–Co alloys on a carbon substrate [29].

Fig. 12a–c shows the TEM images and the average particle
size of 20% Pt/C, 20% Pt3Co1/C and 20% Pt3Ni1/C, respec-
tively. Fig. 12a shows the particle size of platinum estimated
at 0.8 and 0.9 V versus NHE increases from 2.86 to 4.00
and 3.53 nm, respectively, after 480 h of ADT analysis. The
observed increase in Pt particle size is probably due to the
crystallite migration mechanism, which is explained by the
migration and aggregation platinum particles to form larger
particles. Wilson et al. have reported that Pt catalyst aver-
age particle size calculated from the particle size population
distribution plot increases from 1.7 to 2.5 nm after 1300 h of
continuous operation in a PEM fuel cell, accounting for a Pt
loss in surface area of 32% [17]. On the other hand, TEM of
Pt-alloy catalysts (Fig. 12b and c) shows an increase of par-
ticle size from 4.19 to 4.34 and 4.39 nm for 20% Pt3Ni1/C
and from 3.61 to 3.89 and 4.06 nm for 20% Pt3Co1/C after
480 h of ADT analysis. The increase in the particle size of
the Pt-alloy catalysts is almost negligible when compared to

Fig. 13. Electrochemical surface area as a function of time for the 20Pt/C
(squares) and 20Pt3Co1/C (circles) catalysts obtained by integrating HUPD

peak and assuming hydrogen adsorption–desorption on a polycrystalline Pt
surface (210 �C cm−2). The cathode catalyst layer consist of total metal
loading of 0.4 mg cm−2 and 25 wt.% dry Nafion content. The anode catalyst
layer consist of commercial E-TEK electrode (30 wt.% Pt) with a loading of
0.5 mg cm−2 of Pt. Cell size: 10 cm2.
Fig. 14. TEM images of 20Pt/C (a) and 20Pt3Co1/C (b) before and after the fuel cell testing.



262 H.R. Colón-Mercado, B.N. Popov / Journal of Power Sources 155 (2006) 253–263

the decay in ORR current. These results can be explained
by the increased sintering resistance offered by the alloying
elements (i.e., the anchor effects of the alloying element on
the carbon substrates) when compared with pure Pt catalysts.
Similar results are reported in the literature for Pt–Ni and
Pt–Fe alloys [20,30].

3.4. Fuel cell testing

20% Pt3Co/C catalyst showed the highest performances
and stability in the ADT testing. While the 20% Pt/C exhibits
different deterioration mechanisms and was considered as
the baseline in our fuel cell experiments. Thus, to correlate
the performance of the catalysts in fuel cells with our ADT
results, 20% Pt/C and 20Pt3Co/C were selected as catalysts to
be tested in the fuel cell setup. They were tested by applying
a constant load of 1 A cm−2 and by monitoring the potential
as a function of time. Periodically, the active surface area
was estimated by using a CV. The initial potentials under the

applied load were 0.615 and 0.620 V versus NHE for 20%
Pt/C and 20% Pt3Co/C. The testing was terminated when the
potential dropped to 0.49 V versus DHE. In the case of 20%
Pt/C, the experiment was stopped after 400 h of operation.
Similar degradation times were observed and reported in the
literature for experiments performed under similar conditions
and pure Pt/C used as the catalyst [31]. In the case of 20%
Pt3Co/C, the cell was stopped at 1600 h.

Fig. 13 shows the electrochemical surface area as a func-
tion of time for the 20% Pt/C and 20% Pt3Co/C catalysts. As
shown in Fig. 13, the loss in surface area is considerable for
the Pt catalysts. On the other hand, the loss in active surface
area is not as drastic in the case of Pt–Co alloy, despite the
fact that the cell testing was performed for a period nearly
four times as long.

Fig. 14a and b shows the TEM images of 20% Pt/C and
20% Pt3Co/C catalyst particles before and after the fuel cell
testing. As shown in Fig. 14, there is a considerable particle
growth in the case of the Pt catalyst that is consistent with
Fig. 15. BSEM image (a) and EMPA cross-section line scan (b) of the fres
h and after test MEA containing 20Pt3Co1/C on the cathode side.
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a surface area decrease. The same behavior was observed
during the accelerated deterioration test.

Fig. 15a and b shows the BSEM image and EMPA cross-
section line scan of the fresh and post-cell test of the MEA,
which contains 20% Pt3Co/C catalyst on the cathode side.
Five distinct layers can be identified: the anode GDL, the
ETEK commercial Pt anode, the Nafion membrane, the cath-
ode catalyst layer and the cathode GDL.

From the change in the contrast provided by the BSEM,
it is difficult to distinguish any small changes in the con-
centration of the cobalt through the cross-section. Using the
EMPA cross-section line scan one can qualitatively measure
the intensity of the metal distribution across the MEA and
compare the results of the fresh and tested MEA. Fig. 15
shows that the EMPA cross-section line scan taken for the
tested sample indicates that there is not a significant signal
coming from Pt in the membrane, meaning that Pt is sta-
ble in the system. However, when moving from the cathode
side towards the membrane, an increase in the Co signal is
observed indicating dissolution of the non-noble metal (Co)
and its diffusion through the Nafion membrane.

4. Conclusion

The influence of the alloying metal on the catalytic, corro-
s
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