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ABSTRACT: Core−shell structure nanoparticles have been the subject of
many studies over the past few years and continue to be studied as
electrocatalysts for fuel cells. Therefore, many excellent core−shell catalysts
have been fabricated, but few studies have reported the real application of these
catalysts in a practical device actual application. In this paper, we demonstrate
the use of platinum (Pt)-exoskeleton structure nanoparticles as cathode
catalysts with high stability and remarkable Pt mass activity and report the
outstanding performance of these materials when used in membrane-electrode
assemblies (MEAs) within a polymer electrolyte membrane fuel cell. The
stability and degradation characteristics of these materials were also investigated
in single cells in an accelerated degradation test using load cycling, which is
similar to the drive cycle of a polymer electrolyte membrane fuel cell used in
vehicles. The MEAs with Pt-exoskeleton structure catalysts showed enhanced
performance throughout the single cell test and exhibited improved degradation ability that differed from that of a commercial
Pt/C catalyst.
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1. INTRODUCTION
The cost and scarcity of novel metals, especially platinum (Pt),
is one of the most significant barriers to the commercialization
of polymer electrolyte membrane fuel cells (PEMFCs).1 Several
methods have been studied for replacing expensive Pt-based
catalysts, to reduce the cost of electrode materials, increase Pt
usage efficiency through alloying, construct core−shell
structures with cheaper metals, or facet the active Pt surfaces.
Many reports have been published on nonprecious metal
catalysts, but only a few papers have realistically demonstrated
the use of these materials in practical fuel cells.2,3 Studies of
core−shell structure catalysts have typically received consid-
erable attention for fuel cell applications because of the
numerous advantages associated with these materials, such as
their outstanding activity and stability.4,5 In addition, the core−
shell structure can reduce the cost of the catalyst because a low-
cost metal is used for the core, and a rare metal is used for the
shell. Also, the structure affects the catalytic activity and the
dispersion of the core−shell particles. Palladium (Pd)-based
bimetallic catalysts have received particular attention because
Pd and Pt belong to the same group within the periodic table
and therefore have similar properties. These elements have the
same face-centered cubic (fcc) crystal structure and similar

atomic sizes. However, Pd is cheaper than Pt and more
abundant in the earth’s crust. Furthermore, significant electro-
catalytic activity has been reported for Pd-based core−shell
catalysts.6−9 A bimetallic system of Pt on Pd can produce a
small strain, allowing the weak lattice contraction to produce a
downshift of the d-band center and decreasing the binding
strength of the adsorbed intermediates.10,11

However, the durability of catalysts must be improved for it
to be useful in actual fuel cell devices. There have been reports
of Pd dissolution under fuel cell operating conditions, in which
the dissolved Pd ions affected the cell’s performance.12

However, the predominant mechanisms of electrode degrada-
tion include the dissolution of Pt and the growth of Pt particles,
oxidation of the carbon support and the dissolution of metal
from Pt metal alloy catalysts. Ostwald ripening and coalescence
have been suggested as Pt degradation mechanisms.13−15

During PEMFC operations, physically and electrochemically
harsh conditions, such as high potentials, high temperatures,
low pH values, and increased humidity, promote particle
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growth. Yet, the primary reason for the reported degradation of
Pt metal alloy catalysts is the dissolution of a secondary metal in
the acid media, which decreases cell performance.16 Gasteiger
et al. have investigated the mechanism of base metal loss in Pt
metal alloy catalysts. These authors presented possible
explanations for the leaching of the base metal from Pt metal
alloy catalysts in PEMFCs, including the presence of excess
base metal, incomplete alloying and a thermodynamically
unstable base metal.17 Nevertheless, it is well-known that core−
shell nanoparticles with Pt monolayers exhibit significantly
enhanced mass activity and specific activity because the core
metal induces a reduction in the Pt mass and a change in Pt
surface structures. Sasaki et al. have reported high stability for
Pd−Pt monolayer shell electrocatalysts in an accelerated
degradation tests (ADT) with 100 000 potential cycles.18 The
electrocatalysts exhibited small losses of electrochemical surface
area (ECSA) and activity and a negligible loss of Pt. Chen et al.
have investigated the effect of Pt shell coverage for Ni−Pt

core−shell nanoparticles and concluded that increasing the Pt
content increased neither the ORR activity nor the durability of
the catalyst.19 However, Choi et al. have reported that
electrocatalysts with thin Pt shells (Pd:Pt = 1:0.5 and 1:1.0)
are less stable than those with thick Pt shells (Pd:Pt = 1:1.5)
during harsh potential cycling.20 Sasaki and Choi independently
studied the same materials and obtained different results.
Therefore, there are insufficient data from which to conclude
whether core−shell catalysts can actually replace commercial
Pt/C catalysts in fuel cells. Almost all of the studies on core−
shell structure catalysts have used half-cells and are therefore
not representative of real PEMFC operation conditions.
However, it can be challenging to perform conclusive and

practical studies on the durability of Pd−Pt bimetallic catalysts
under real PEMFC conditions because of the prolonged test
period and the complexity of the failure analysis. Therefore,
ADTs have been developed as a valuable tool for investigating
mechanisms of degradation. The parameters in ADTs include

Figure 1. Conceptual diagrams of Pt-exoskeleton catalyst-based MEA and durability properties; (a) Pt-exoskeleton catalyst-based MEA and single
cell. Inset FE-SEM image is cross-section of Pt-exoskeleton catalyst-based MEA; (b) durability properties and degradation process of Pd−Pt/C
catalyst during ADT.
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the potential cycle numbers, current density, potential,
operating time, cell operating conditions, gas permeability,
and other component conditions.21−23 Gasteiger et al. has
stated that the potential cycling test is more relevant to the
actual drive cycle of PEMFCs in vehicles than are constant
current or constant potential tests.23 The degradation of cell
performance is more severe in a potential cycling test than in
the constant current or constant potential tests. Additionally,
the load-cycling test, which involves various severe conditions,
including a high current density (low cathode potential), a low
current density (high cathode potential), and a holding period
at the OCV, is a harsher test than the other modes.
In this study, we synthesized Pd-metal-based Pt-exoskeleton

catalysts with high stability and remarkable activity, and
demonstrated the outstanding performance of these materials
when used in membrane-electrode assemblies (MEAs, Figure
1) in a PEMFC single cell. The primary objective of this study
was to investigate the performance of Pt-exoskeleton catalysts
in an MEA in a single cell rather than to explore a novel
synthesis for core−shell structure or the high activity that can
be achieved using a half-cell. Furthermore, the performance
degradation of Pt-exoskeleton catalysts in an MEA was
investigated using a continuous load-cycling test on a single
cell. The operating conditions using single cell, including high
temperature, low pH, actual pressure, and fuel flows, are more
relevant to the real performance of a fuel cell system than those
of a half-cell condition or potential cycling. To determine the
durability and tendency toward degradation of the bimetallic
catalysts, we conducted electrochemical and structural analyses
on MEAs with the catalysts before and after the ADT.

2. EXPERIMENTAL SECTION
2.1. Structural Analysis. The Pd-metal-based Pt-exoskeleton

nanoparticles are referred to as Pd−Pt/C hereafter, more specifically,
for Pd−Pt[n]/C, where n is the atomic ratio of Pt (Pd:Pt = 1:n). X-ray
diffraction (XRD) analysis was carried out to investigate the change in
the crystallite sizes of Pt/C, Pd−Pt[0.5]/C, and Pd−Pt[0.7]/C before
and after the ADT. The XRD measurements were carried out using a
Rigaku D/MAX 2500 with a CuKα source (λ = 1.541 Å) at 40 kV and
100 mA. The samples were scanned from 20 to 80° at 2° min−1. The
valence state and composition of Pd−Pt[0.5]/C and Pd−Pt[0.7]/C
after the ADT were determined using X-ray photoelectron spectros-
copy (XPS) with an ultrahigh vacuum (UHV) multipurpose surface
analysis system (SIGMA PROBE, Thermo, UK) that operated at base
pressures <1 × 10−10 mbar. The photoelectron spectra was excited
using an Al Kα (1486.6 eV) anode operating at a constant power of
100 W (15 kV and 10 mA). During acquisition of the spectra, a
constant analyzer energy (CAE) mode was employed at a pass energy
of 40 eV and a step of 0.1 eV. The electron binding energy scale was
calibrated from the hydrocarbon contamination observed in the C 1s
peak at 284.6 eV. The core peaks were analyzed using a nonlinear
Shirley-type background, and the peak position and area were obtained
by weighted least-squares fits of model curves (70% Gaussian, 30%
Lorentzian) to the experimental data. The structures of the cross
sections of the Pt/C MEA, Pd−Pt[0.5], and Pd−Pt[0.7]/MEA before
and after the ADT were examined using field emission-scanning
electron microscopy (FE-SEM, JSM 6700F, JEOL Ltd.) to confirm the
morphological changes of the electrodes and the connection between
the catalyst layer and the membrane. The chemical composition and
the distribution of various elements of the MEA before and after the
ADT were evaluated using energy-dispersive X-ray (EDX; 7421,
OXFORD) combined with FE-SEM.
2.2. Electrochemical Analysis. The single-cell performance was

measured for each MEA, which had a geometric area of 5 cm2. An
MEA was placed between two gas diffusion layers (GDLs, E-TEK) and
inserted into graphite plates containing serpentine flow channels. The

single cell was assembled using a torque wrench to match the pressure
applied at the moment of setting the cell. Figure 2.2 is a photograph of

the single cell that was used in this study. The single cell was
connected to a fuel cell test station (FCTS, WonATech Co., Ltd.). To
carry out performance measurements, humidified H2 and air were fed
to the anode and cathode at a stoichiometric ratio of 1.5/2 and
temperature of 75/70 °C. The cell temperature was set at 70 °C, and
the backpressure on the cell was the ambient pressure. The cell voltage
of each MEA was obtained by increasing the current density using a
fuel cell test station to generate current−voltage curves by the current
sweep method at a 10 mA cm−2 s−1 rate.

2.3. Fabrication of MEAs. The catalyst inks for the cathode were
fabricated ultrasonically using the synthesized Pd−Pt/C core−shell
catalysts and a commercial Pt/C catalyst with a 5 wt % Nafion solution
(Aldrich Chem. Co.) in D.I. water and isopropyl alcohol (IPA, Aldrich
Chem. Co.) as the solvent. The carbon-supported Pt catalyst powder
(40 wt % Pt/C, Johnson Matthey, mean diameter ∼3.0 nm)as used as
the catalyst for the anode. The anode catalyst inks were prepared using
the aforementioned method. The Nafion 212 membrane was
pretreated with a hydroperoxide solution (3 wt %) for 1 h and a
sulfuric acid solution (0.5 M) for 1 h at 100 °C. The pretreated
membrane was dried and placed in the appropriate frame. To prepare
the MEAs, we sprayed the catalyst inks directly onto both sides of the
pretreated Nafion 212 membrane to form the catalyst-coated
membrane (CCM). The metal catalyst was loaded at 0.2 and 0.3
mg cm−2 on the anode and cathode electrodes, respectively. The active
surface area of the MEA was 5 cm2. Pt/C, Pd−Pt[0.5]/C, and Pd−
Pt[0.7]/C catalysts were used as cathode catalysts in the MEAs.

Figure 2. Pt mass activity from IVP for Pt-exoskeleton catalyst-based
MEAs; (a) polarization curves for each MEA; the cell voltages were
obtained by increasing the current density and using a fuel cell test
station to measure the current−voltage curves; the test was performed
at 70 °C; fully humidified H2/air was used in the MEA under
atmospheric pressure; (b) comparison of Pt mass activity at 0.7 V;
currents were normalized to the Pt loading amount.
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2.4. ADT for a Single Cell. The performance degradation of the
MEAs with Pt/C, Pd−Pt[0.5]/C, and Pd−Pt[0.7]/C as cathode
catalysts were investigated by performing ADTs on the prepared MEA
for 50 h. The ADT was carried out using repeated load cycling, which
entailed increasing the cell current at 50 mA s−1 from the OCV to 0.35
V, shutting off the load and then maintaining the OCV for 30 s. The
operating conditions of the ADT were the same as those used during
the current−voltage characterization. Cyclic voltammetry (CV) was
carried out to estimate the electrochemical surface area (ESA) of each
MEA before and after the ADT. CV was performed over a scan range
from 0.00 to 0.95 V at a scan rate of 100 mV s−1. Humidified H2 was
fed into the anode as the reference electrode, and humidified N2 was
fed into the cathode as the working electrode. High resolution-
transmission electron microscopy (HR-TEM) was conducted to
observe changes in the morphology, particle size, and size distribution
of the Pt/C, Pd−Pt[0.5]/C, and Pd−Pt[0.7]/C nanoparticles before
and after the ADT. The samples were prepared by scraping the catalyst
layer to peel off the catalysts from the MEA and then suspending the
catalysts in ethanol. The samples were dropped onto a carbon film that
was supported on a copper grid, and the solvent was evaporated off.
The HR-TEM images were obtained using a JEOL 2010 at a 200 kV
accelerating voltage.

3. RESULTS AND DISCUSSION

3.1. Single-Cell Performance in the ADT. Carbon-
supported bimetallic catalysts were prepared using a hydro-
quinone reduction method, as described in our previous
study.24 The core base metal was Pd and the exoskeleton metal
was Pt. The catalyst inks for the cathode were fabricated using
the developed Pd−Pt/C catalysts, and a commercial Pt/C
catalyst. To fabricate the MEAs, we sprayed the catalyst inks
directly onto both sides of a pretreated Nafion 212 membrane

to form a catalyst-coated membrane (CCM).25 The commercial
Pt/C catalyst-based-MEA will be referred to as Pt/C MEA and
Pd−Pt[n]/C catalyst-based-MEA will be referred to as Pd−
Pt[n]/C MEA. The half-cell activities of the Pd−Pt/C catalysts
(Figure S1 in the Supporting Information) clearly demon-
strated that the particles had good catalytic activity for ORR
that was comparable to that of commercial Pt/C.24 In addition,
the Pd−Pt/C catalysts performed remarkably well in a practical
PEMFC device, i.e., an MEA in a single cell (Figure 2). Figure
2a presents the initial performance of the MEAs. The current
densities were normalized to the loading amount of Pt, i.e., the
currents of Pd−Pt[0.5]/C and Pd−Pt[0.7]/C were multiplied
by the wt % ratio of Pt (100/47.82 and 100/56.2, respectively).
Cell performance was compared at 0.7 V because activation
kinetics were dominant in the low current region (Figure 2b).
Figure S2 in the Supporting Information presents the
polarization curves, which were normalized to the active area,
and the metal price. All of the results indicated that the catalytic
activity of the Pd−Pt/C catalysts was comparable to that of the
commercial Pt/C at the same Pt loading (by factors of 2.04 and
1.56). For a relatively thin Pt-exoskeleton (or shell; the shell
used in this study was a few atomic layers thick; see the
Supplementary Information for details on the Pt shell
thickness), electronic coupling between the Pd core and the
Pt shell may enhance cell performance. Combining Pt with Pd
has also been found to significantly affect the electronic
structures of Pt, and therefore its catalytic properties for specific
reactions, through the formation of Pd−Pt bonds. For a
bimetallic catalyst made of Pt on Pd, a small compressive strain
originating from weak lattice contraction causes a downshift of

Figure 3. Polarization curves at specified time intervals during ADT; (a) commercial Pt/C-based MEA; (b) Pd−Pt[0.5]-based MEA; (c) Pd−
Pt[0.7]-catalyst-based MEA; (d) changes in Pt mass activity of the MEAs with Pt/C, Pd−Pt[0.5]/C and Pd−Pt[0.7]/C cathode catalysts at specified
time intervals (after 10, 20, 30, 40, and 50 h of operation) at 0.7 V; the ADT comprised load cycling between 0.35 and the OCV with a 30 s dwell
time at 70 °C, with the single cell continuously connected to the fuel cell test station during the test.
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the d-band center, thereby reducing the binding strength of the
adsorbed intermediates. This behavior can reduce or improve
catalytic activity, depending on whether adsorption or
desorption of the intermediates limits the reaction rate.7,10,11

That is, the outstanding performance of the Pd−Pt/C catalysts
based on an MEA can be explained in terms of electronic
structures and the d-band center.
Figure 3 and Figure S3 in the Supporting Information show

the polarization curves of Pt/C, Pd−Pt[0.5]/C, and Pd−
Pt[0.7]/C MEA at specified time intervals under load cycling.
The ADT involved load cycling, which consisted of increasing
the cell current at 50 mA s−1 from the OCV to 0.35 V, shutting
off the load and then maintaining the OCV for a 30 s dwell
time at 70 °C. The performance of the initial MEA was
approximately 910 mA mgPt

−1 at 0.7 V, whereas the
corresponding performance after operating for 50 h was
approximately 550 mA mgPt

−1 for the Pt/C MEA (Figure
3a). The performance decrease ratio was approximately 39%; it
should be noted that the decrease in the performance was only
significant during early operation (0−10 h) and became less
prominent after 10 h of operation. Figure 3d shows the
behavior of the Pt mass activity versus time for the ADT at 0.7
V. The decrement rate of Pt indicates that the crucial decay in
Pt/C MEA occurred during the initial period of 0−10 h. The
degradation in single cell performance could be categorized
into recoverable and unrecoverable degradation processes.26−31

For the Pt/C MEA, the unrecoverable degradation process
affected the initial rapid decrease in performance. The sintering
and aggregation of the catalyst particles and the loss of ECSA
were confirmed, which will be discussed later and are
summarized in Table 1.
Figure 3b, c shows that superior performance was obtained

using the MEA with a Pd−Pt/C cathode catalysts even though
the catalyst ink conditions (e.g., the ionomer and solvent ratios)
of the MEAs were optimized to correspond to a commercial 40
wt % Pt/C catalyst. The decrement rates of Pd−Pt[0.5] and
Pd−Pt[0.7]/C MEA were approximately 48 and 41%,
respectively. Figure 3d shows that during early stages of the
ADT (from 0 to 10 h), the decrement rates of Pd−Pt[0.5]/C
and Pd−Pt[0.7]/C MEAs were approximately 2%; using Pd−
Pt[0.5]/C resulted in nearly identical performance with a much
smaller ratio than that of Pt/C. However, the performance of

the Pd−Pt/C catalysts dramatically decreased from 10−50 h,
whereas the Pt/C catalyst performed steadily up to the end of
the ADT after an initial rapid decay. The decrement rate of
Pd−Pt[0.5]/C was higher than that of Pd−Pt[0.7]/C
throughout the entire regime. This decline in the performance
of the Pt/C and Pd−Pt/C MEAs indicated that distinct
mechanisms controlled the degradation of Pt/C and Pd−Pt/C
catalysts. Therefore, the Pd base metal in Pd−Pt/C catalyst
nanoparticles may perform stably during an initial operation
period, but it does not remain stable for more than 10 h. These
results are rationalized by the leaching of base metal Pd
(discussed later).

3.2. Structural and Electrochemical Analyses. A FE-
SEM analysis was performed before and after the ADT to
investigate structural changes in the MEA structure and
determine the source of degradation after the ADT (Figure 4
and Figure S4 in the Supporting Information). Other studies
have reported degradation of the MEA structure after an ADT;
for example, mechanical stresses, such as nonuniform contact
pressure, and fatigue from stresses induced by temperature and
humidity can cause thinning of the membrane and cracks in the
catalyst layer. The catalyst layer was also thinned because of
carbon corrosion within the layer. These changes in the MEA
structure diminished cell performance because of an increase in
the contact resistance and hydrogen crossover. However, in this
study, no significant changes were observed in the MEA
structure in any of the cases considered. A few metal islands
were observed for the Pd−Pt/C MEAs after the ADT, as
shown in the SEM images in Figure 4. For the Pt-metal
bimetallic catalysts, both Pt and the nonprecious metal particles
dissolved during fuel cell operation. The dissolved Pt was
redeposited on the surface of the catalyst particles, whereas the
dissolved nonprecious metal ions diffused into the membrane,
were reduced and formed metal islands inside the electrolyte
membrane. The element in the metal islands inside the
membrane was confirmed by performing energy dispersive X-
ray analysis (EDX). A band of elemental Pd appeared inside the
membrane, whereas no significant signal was observed from the
Pt/C MEA. This result indicated that the Pd in the Pt-
exoskeleton catalyst may have dissolved and diffused into the
membrane, unlike the Pt. This dissolution of the secondary
metal and increase in the residual particle size may have caused

Table 1. Electrochemical and Physical Properties of Commercial Pt/C and Pt-Exoskeleton Catalyst-Based MEAs before and
after ADT

Pt/C Pd−Pt[0.5]/C Pd−Pt[0.7]/C

category properties before after before after before after

electro-chemical properties ECSA (m2 g−1) 33.1 26.9 24.3 23.0 29.6 28.3
RΩ (Ω cm2) 0.07 0.07 0.07 0.08 0.07 0.08
RC (Ω cm2) 0.17 0.16 0.19 0.24 0.18 0.26
OCV (V) 0.922 0.897 0.934 0.918 0.939 0.919
Pt activity (mA mgPt

−1) at 0.8 V 160 90 381 188 320 146
at 0.7 V 910 552 1853 966 1423 836
at 0.6 V 2000 1390 3680 2221 3025 1886
at 0.5 V 2860 2408 5270 3940 4591 3317

physical properties mean particle size from TEM (nm) 3.38 4.94 4.04 4.91 4.37 4.73
mean crystallite size from XRD (nm) 3.76 5.01 3.98 4.99 4.30 4.71
(220) peak position (deg) 67.46 67.60 67.66 67.93 67.60 67.76
Pd atomic composition (at. %) from EDX 66.87 50.29 62.80 52.45

from XPS 43.82 39.19 35.13 33.71
Pt atomic composition (at. %) from EDX 33.13 49.72 37.20 47.55

from XPS 56.18 66.81 64.88 66.29
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the observed decrease in performance. Pd dissolution occurs at
a potential of 0.92 V, which is lower than the corresponding
potential for Pt (1.19 V). Pd is therefore more reactive than Pt
and has a lower standard electrochemical potential. Further-
more, the Pd in the Pd−Pt/C may have dissolved to form Pd2+,
allowing the Pd ion to diffuse through the imperfection in the
Pt shell during the ADT and precipitate inside the membrane.
This precipitation formed the Pd band shown in Figure 4. This
result is similar to the Pt band that forms on a Pt/C MEA
following the dissolution of Pt during an ADT.17 Adzic and co-
workers have reported that placing a Pt monolayer on a Pd
substrate shifted the relative dissolution potential, and the
partial dissolution of Pd increased the core−shell interaction.18
The elemental composition of the catalyst layer before and

after ADT was characterized using energy EDX (Figure S5 in
the Supporting Information). The initial Pd atomic ratios in
Pd−Pt[0.5] and Pd−Pt[0.7] decreased after the ADT. This

result also indicated strong dissolution of Pd in the Pd−Pt/C
during the ADT. Changes in the atomic ratio indicated that
Pd−Pt[0.7]/C was more stable than Pd−Pt[0.5]/C. Table 1
shows the bulk metal atomic ratios that were determined using
EDX.
The difference between the ECSA values of the Pt/C MEA

and the Pd−Pt/C MEAs before and after the ADT were
determined using cyclic voltammetry (CV) (Figure 5). The
shape of the CV curve for Pd−Pt[0.5] was similar to that of
Pd−Pt[0.7]. Figure 5 shows well-defined hydrogen adsorption/
desorption peaks and oxidation/reduction peaks. The HUPD
regions of the Pd−Pt/C MEA exhibited relatively broader
peaks than those of the Pt/C MEA because of changes in the
surface geometry caused by the interaction between the Pd core
and the Pt layer.20 The ECSA in the present study tends to be
lower than others in the literature, but a direct comparison of

Figure 4. FE-SEM cross-section images of MEAs after ADT and the corresponding elemental distribution of MEAs after ADT; (a) Pd−Pt[0.5]/C
and (b) Pd−Pt[0.7]/C, (c) conceptual diagrams of degradation process of Pd−Pt/C catalyst during ADT.
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these results is not possible because of differences between the
main objectives and experimental conditions of the studies.
The ECSAs of the samples measured using CV are given in

Table 1. The reduced rates of the Pt/C MEA, Pd−Pt[0.5]/C
MEA, and Pd−Pt[0.7]/C MEA were 18.7, 5.3, and 4.4%,
respectively. These CV results suggested that the reduced
performance of Pt/C MEA was associated with the loss of
ECSA. As reported in previous studies, the ECSA of Pt/C MEA
was significantly reduced after the ADT.30,31 However, the rate
of decrease of the ECSA was negligible in the Pd−Pt/C MEAs.
These results suggest that decreased performance of the MEA
with the Pd−Pt/C catalysts was not associated with ECSA loss.
In response to these findings, a further HR-TEM analysis of the
MEAs was conducted after the ADT (Figure 6). Figure 6a, d
shows the results for Pt/C before and after 50 h of ADT. A

mean particle size of approximately 4.94 nm was measured
independently from 100 nanoparticles in the TEM images. The
Pt particle size increased from 3.83 to 4.94 nm after 50 h of
ADT. Certain particle agglomerates were found in the HR-
TEM images but not observed in fresh Pt (Figure 6a). The
increase in the Pt particle size affected the ECSA loss measured
using CV, as shown in Figure 5. Wilson et al. hypothesized that
the Pt particle size in aged MEA increased because of crystallite
migration during gas phase sintering. The increase in particle
size corresponded to the loss of active surface area.9 However,
in many studies, the dissolution and redeposition of Pt have
been proposed as the primary mechanisms of degradation for
the Pt electrocatalyst in a fuel cell system, and Pt dissolution
has been found to increase with the potential in the 0.85−0.95
V range.13,15 In this study, an ADT was performed in the range
from 0.35 to the OCV (>0.9 V), and the operating conditions
were similar to those used in other studies. The most significant
migration of Pt has been reported to occur on the cathode side
of the MEA after potential cycling to the OCV or higher
voltages.28 These ADT operating conditions might correspond
to an increase in the Pt particle size. Figure 6e, f shows the HR-
TEM images of Pd−Pt/C after the ADT. The mean particle
sizes of Pd−Pt[0.5] and Pd−Pt[0.7] were approximately 4.91
and 4.73 nm, respectively. The rate of increase for the mean
particle size was lower than that for the Pt. For the Pt metal
alloy catalysts, both Pt and the nonprecious metal particles
could be dissolved. Popov and co-workers suggested that the
primary cause for decay in the catalytic activity of the Pt metal
alloy catalyst was ECSA loss due to metal dissolution.16,17

However, such core−shell structure catalysts exhibited distinct
trends in performance degradation and ECSA compare with
those of the Pt metal alloy. The shapes of the CV and ECSA
curves for the Pd−Pt/C catalysts were close to similar before
and after ADT, whereas the corresponding curves for the
existing Pt metal alloy catalysts were clearly different. This
result indicates that the primary cause of degradation in the
Pd−Pt/C catalysts was not the loss of ECSA. The loss of ECSA
was negligible in these catalysts. Sasaki et al. have suggested that
the hollow structures that can form under potential step cycling
(from 0.7 to 0.9 V) should have the highest dissolution
potentials for Pd core/Pt monolayer shell electrocatalysts.
Core−shell catalysts have been reported to show a small loss of
ECSA and catalytic activity after 1 000 000 cycles.18 However,
although the loss of ECSA was negligible in this study, as was
observed in Sasaki’s study, the stability was significantly
reduced. The Pd component of the Pd−Pt/C catalysts
dissolved under the high potential and diffused through
imperfections in the Pt shell during the ADT. Consequently,
the remaining Pt in the Pd−Pt/C catalysts formed a partially
hollow structure.32,33 In addition, a portion of the Pd may have
participated in hydrogen adsorption/desorption. Therefore,
although the particle size increased, the ECSA level remained
nearly constant. ECSA is a general indicator of the capacity of a
catalyst for hydrogen adsorption/desorption because the ECSA
depends on the exposed Pt surface area and structure.
Moreover, nanometer-sized Pd−Pt/C materials are not stable
under real PEMFC conditions and suffer compositional/
structural changes due to interparticle and intraparticle
movements of metal atom/species.32 These phenomena
strongly diminished the catalytic activity of the Pt-exoskeleton
catalysts.
The primary reason for the degradation of the Pt/C MEA

again appeared to be the dissolution and growth of Pt particles

Figure 5. Cyclic voltammograms of Pt/C, Pd−Pt[0.5]/C and Pd−
Pt[0.7]/C before and after ADT; (a) commercial Pt/C-based MEA;
(b) Pd−Pt[0.5]-catalyst-based MEA; (c) Pd−Pt[0.7]-catalyst-based
MEA; ECSA was calculated from hydrogen adsorption/desorption
peaks and is shown for comparison.
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accompanied by the loss of ECSA throughout the entire ADT
period. However, the Pd−Pt/C MEA exhibited enhanced
durability during the early stages of the ADT (approximately 10
h). The Pd component in the core stabilized the Pt exoskeleton
by positively shifting its oxidation potential and preventing the
cathode potential from reaching values at which Pt dissolution
would occur.18 An intact shell is an important factor in stability
and activity, but it is difficult to synthesize a fault-free core−
shell nanoparticle in practice. If the core Pd particles (which

were 3.76 nm in our case) were completely covered with a
monatomic layer of Pt, the layer thickness would then have
been equivalent to the diameter of a Pt atom (0.36 nm,
considering adsorbed anions),34 and the atomic ratio Pt
between Pd should have been approximately 0.3 (details
provided in the Supporting Information). However, the atomic
ratios for Pt and Pd were 0.5 and 0.7, respectively. Therefore, it
is possible that there were defects or extra Pt on the Pd surface.
There were certainly partial punctures or incomplete alloying of

Figure 6. TEM images of Pt/C, Pd−Pt[0.5]/C and Pd−Pt[0.7]/C catalysts before and after ADT; (a, d) initial Pt/C and after ADT; (b, e), initial
Pd−Pt[0.5]/C and after ADT; (c, f) Pd−Pt[0.7]/C and after ADT; the bottom shows size distribution histograms.
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the core−shell structure; hence, significant oxidization and
dissolution of Pd could have occurred through contact with the
electrolyte during the prolonged potential cycling when the
dissolution potential was reached. The dissolved Pd2+ was then
reduced by H2 diffusing from anode and redeposited on the
membrane; these Pd particles may have decreased the
membrane stability and hindered reactant transport during
the late stages of the ADT (20−50 h). The loss of ECSA was
negligible at this time, but the stability was notably reduced, as
in this study.
These phenomena were further investigated by performing

X-ray diffraction (XRD) analysis on a filmlike CCM state.
Figure S6 in the Supporting Information shows the XRD
patterns of the catalysts before and after the ADT, and the
catalyst properties are summarized in Table 1. The dashed line
represents the peak position of the initial Pt. It is well-known
that Pt and Pd have typical fcc lattice structures with intrinsic
peaks corresponding to the (111), (200), and (220) planes and
similar atomic sizes and crystal structures. In all of the cases
investigated, the XRD profiles of the Pd−Pt/C catalysts
exhibited the primary peaks of an fcc structure. The (220)
peak was used to calculate the average particle size of the
catalysts using the Scherrer equation because the (111) and
(200) peaks overlapped the broad C peaks. As expected, the
mean crystallite size of Pt/C increased from 3.76 to 5.01 nm
after the ADT, which was in good agreement with the results of
the HR-TEM analysis. The increase in the mean crystallite size
of Pt corresponded to the loss of ECSA according to CV. The
size of the Pd−Pt[0.7]/C catalyst only increased by 0.4 nm,
whereas that of the Pd−Pt[0.5]/C catalyst increased by 1.0 nm.
This result could be attributed to the thinner Pt shells being
more exposed to dissolution and redeposition during harsh
potential cycling. In addition, the (220) peaks of Pd−Pt[0.5]
and Pd−Pt[0.7] were shifted to higher theta positions, and
their shapes were asymmetric (Figure S6 in the Supporting
Information and Table 1). This result indicated that the Pd−
Pt/C partially collapsed during the ADT and that the Pd−
Pt[0.5]/C catalyst decayed further than did the Pd−Pt[0.7]/C
catalyst. Diffraction peak shifts and asymmetries are generally
owing to strain, lattice defects and dislocations of the Pd−Pt/C

catalysts and chemical heterogeneities can cause peak broad-
ening. Dissolved Pd metal in Pd−Pt/C catalysts leave the
surface of the catalyst Pt-rich and separate from core−shell
structure, hence the structure was collapsed and caused a peak
shifts and asymmetries. Overall, the amount of deposited Pt
shell on Pd core affected the degradation of the core−shell
catalyst.20 Choi et al. reported ORR electrocatalytic perform-
ance as a function of the shell thickness. The ORR performance
was highly dependent on the Pt shell thickness, and even Pd−
Pt[0.5]/C exhibited high mass activity; however, considering
both activity and durability, the Pd−Pt[0.7] was the more
promising ORR electrocatalyst.
The chemical composition of the MEA electrode surface was

determined using X-ray photoelectron spectroscopy (XPS)
(details provided in Figure S7 and the note in the Supporting
Information and Table 1). The peak intensity of Pd decreased
after the ADT because of Pd dissolution, and the change in the
atomic ratio revealed that Pd dissolution occurred in the Pd−
Pt/C catalysts. The rate of change of the composition also
revealed greater stability in the Pd−Pt[0.7]/C catalyst than in
the Pd−Pt[0.5]/C catalyst, which was in good accordance with
the EDX results. XPS element mapping was conducted to
visualize the difference in the Pd:Pt composition of the Pd−Pt/
C catalysts before and after the ADT (Figure 7 and Table 1). In
the XPS element mapping, Pd is shown in red, and Pt is shown
in blue. The images before the ADT are similar; however, after
the ADT, blue is the more dominant color in the Pd−Pt[0.5]
image compared to the initial Pd−Pt[0.7] image. In addition,
the image of Pd−Pt[0.7] after the ADT is similar to the initial
Pd−Pt[0.7] image. These results also indicate that Pd
dissolution occurred in the Pd−Pt/C and that the Pd−
Pt[0.7]/C catalyst was more stable than the Pd−Pt[0.5]/C
catalyst. In situ electrochemical impedance spectroscopy (EIS)
was performed to verify the changes in MEA resistance (Figure
S8 in the Supporting Information).

4. CONCLUSIONS
In conclusion, we have demonstrated Pt-exoskeleton catalysts
with high stability and remarkable activity and evaluated the
degradation characteristics of these catalysts in MEAs using a

Figure 7. XPS element mapping images of MEAs before and after ADT; (a) Pd−Pt[0.5]-catalyst-based MEA before ADT and (b) after ADT; (c)
Pd−Pt[0.7]-catalyst-based MEA before ADT and( d) after ADT; (e) photograph of surface of Pd−Pt catalyst-based MEA.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03255
ACS Appl. Mater. Interfaces 2015, 7, 14053−14063

14061

http://dx.doi.org/10.1021/acsami.5b03255


load-cycling ADT. The Pt-exoskeleton catalysts yielded a
noticeable improvement in the performance of the MEA,
which is an actual fuel cell device. The Pt mass activity of Pd−
Pt[0.5]/C and of Pd−Pt[0.7]/C were enhanced by factors of
2.04 and 1.56, respectively, over commercial Pt/C. In addition,
these catalysts showed distinct degradation characteristics
during an MEA load-cycling test, which was performed under
more realistic fuel cell conditions than those created using a
half-cell. The Pt/C MEA performance initially decreased
rapidly over 0−10 h and then declined slowly and gradually,
and this pattern occurred because Pt particle growth affected
the ECSA loss. However, the MEA performance of Pt-
exoskeleton catalysts was more stable than that of Pt/C MEA
over 10 h because the Pd core stabilized the Pt exoskeleton.
However, the Pd core began to dissolve because of
imperfections in the Pt shell, and the dissolved Pd ions formed
a Pd band within the electrolyte membrane. Consequently, a
continuous decrease in the performance was observed later in
the ADT. An intact shell is an important factor for enhancing
the durability of core−shell structure catalysts. In future studies,
we will investigate the optimum design of the Pt exoskeleton
and dealloying of the base metal for practical fuel cell operating.
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