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ABSTRACT: An ultralow platinum loading membrane
electrode assembly (MEA) is prepared by a facile synthesis
process in which pulse electrodeposition is used to achieve a
catalyst layer by the in situ decoration of carbon-supported Pd
nanoparticles with a thin layer of Pt atoms. The novel MEA
exhibits excellent performance in a H2/air single fuel cell, with
Pt loading of as little as 0.015 mg cm−2 at the anode and 0.04
mg cm−2 at the cathode, outperforming the commercial Pt/C
MEA (Johnson Matthey, 40 wt % Pt). The shift in binding
energy of the XPS peak of Pd and Pt in the Pd@Pt/C MEA
confirms the presence of the Pt shell and the interaction
between the shell and the Pd core. We suggest that the high
performance of this Pd@Pt/C MEA may be due to several factors: high Pt dispersion arising from the core−shell structure, high
Pt utilization because there is no Nafion binder covering the Pt, the quantum effect caused by the high distribution of Pt, and the
interaction between the Pt shell and the Pd in the core.

KEYWORDS: ultralow platinum, core−shell structure, pulse electrodeposition, membrane electrode assembly, fuel cell

1. INTRODUCTION

The use of fossil fuels has long been identified as a key factor in
global environmental deterioration. Consequently, researchers
around the world have been keen to find alternative energy
sources or to develop energy conversion devices that are more
efficient than the internal combustion engine. For the past few
decades, proton exchange membrane fuel cells (PEMFCs) have
been favored for their zero emissions and high efficiency.1−3

Unfortunately, the high cost, caused mainly by the usage of
platinum at a relatively larger amount, is becoming a major
obstacle to hinder its commercialization.3,4 It is therefore very
important to substantially reduce the amount of platinum in a
fuel cell.5 The most common and desired approach to achieve
this target is to design ultrafine core−shell structured
nanoparticles by coating active Pt atoms on the surface of a
core material (Pd, Ru, Ir, Co, etc.)6−16 that has tunable activity
and an enlarged Pt electrochemical specific surface area.7,17−19

However, it has been recognized that the enhanced utilization
of such Pt-based electrocatalysts in PEMFCs not only depends
on the nature of catalytic activity but also relies on the inner
structure of the catalyst layer that is sandwiched between the
gas diffusion layer and solid polymer electrolyte to form the
essential part of the MEA.3

Conventionally, carbon supported core−shell nanoparticles
are mixed with binding materials such as polytetrafluoro-
ethylene or Nafion ionomer either by a catalyst-coated
membrane (CCM) process, or sprayed onto the gas diffusion
layer, followed by hot-pressing to making membrane electrode
assemblies (MEAs).7,20 Not all of the catalyst’s Pt surface area
theoretically available for electrochemical reaction can be
exposed, leading to relatively low Pt utilization. This can be
explained in two ways: (i) active Pt NPs embedded in the
carbon powder may lose contact with or have insufficient
contact with the solid electrolyte; (ii) Pt catalyst particles may
become electrically isolated or encapsulated in the interior area
by a film of the electrically nonconducting solid electrolyte.3,21

These issues make it difficult to establish good contact between
the catalyst and the reactant to form an electron-conducting
path or proton-conducting path, respectively. On the other
hand, the intrinsic Pt surface area of a catalyst performing on a
glassy carbon disk electrode is larger than the Pt surface area
measured by cyclic voltammetry in an MEA, and the ratio of
the SPtMEA to SPtcata varies, depending on the MEA preparation
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method.3,22,23 Therefore, it is usually suggested that high Pt
loading is required for a classical MEA (cathode: 0.4 mg cm−2,
anode: 0.2 mg cm−2) to compensate for the unsatisfactory Pt
utilization. In this regard, more attention should be paid to
MEA engineering to develop a well-refined core−shell
structured NP within the catalyst layer to improve Pt utilization
efficiency as well as maintain high performance and good
stability.
Herein, we describe an environmentally friendly (“green”)

and facile synthetic strategy for the in situ construction of a
catalyst layer directly on the surface of an electrode, using a
pulse electrodeposition (PED) approach, through which the
synthesis of core−shell structured catalysts and making the
MEA can be simplified. In this work, the PED method plays an
essential role in achieving Pt deposition and allows one to tune
the amount of Pt while using a green process with handy
procedures and timesaving operations. This technology anchors
the Pt atoms on the Pd surface while maximizing the exposure
of the core−shell electrocatalysts to the three-phase boundary
and substantially enhancing Pt utilization in the electrochemical
reactions. The Pd@Pt/C MEA prepared by the present method
has an ultralow Pt loading of 0.04 mg cm−2 at the cathode and
outperforms the commercial Johnson Matthey Pt/C MEA (JM,
40% Pt) with a Pt loading of 0.1 mg cm−2. This novel Pd@Pt/
C MEA takes advantage of its unique characteristics, resulting
in a promising candidate for the next generation of state-of-the-
art MEAs.

2. EXPERIMENTAL SECTION
2.1. Preparation of Pd@Pt/C MEA. The fabrication

procedure for the Pd@Pt/C MEA is described in Figure 1.
Only two steps were employed to synthesize the Pd@Pt/C
electrode: (i) preparation of Pd/C base catalyst layer(s) on one
or both sides of the Nafion212 membrane by a CCM
approach24 and (ii) PED of the Pt layer(s) (several atoms
thick) on the surface of Pd NPs embedded in the Pd/C catalyst
layer. Using this strategy, the Pt atoms were deposited only on
the exposed surfaces of Pd NPs dispersed on the outer and
interior surfaces of the Pd/C catalyst layer, and since no Pt
atoms were covered by Nafion binder, theoretically, the Pt
utilization could be substantially enhanced.
In the first step, Pd/C catalysts were synthesized by an

organic colloidal method reported elsewhere,25 then the as-
prepared Pd/C (20 wt % Pd) catalysts were mixed with 5 wt %
Nafion ionomer solution (DuPont, USA) and isopropyl

alcohol, and this mixture was sprayed onto one side of the
membrane. The weight ratio of the Pd/C catalyst to dry Nafion
was 2.5:1. In the second step, galvanostatic PED was carried out
in a three-electrode cell using a homemade setup whereby the
Pd@Pt/C MEA was fabricated. Brifely, the Pd/C-based MEA
was framed within a fixed and exposed area of 5 cm2, with the
Pd/C base layer serving as the working electrode and platinum
wire and an Ag/AgCl electrode (3 M KCl) as the counter and
reference electrodes, respectively. Peak current densities were
set to 50 mA cm−2 with 0.3 ms of the time on and 0.15 ms of
time off for the PED process. After the PED process, the MEAs
were emerged in 0.5 M H2SO4 solution at 70 °C for 30 min to
remove the possible Cl− contaminant. The Pt loading of the
Pd@Pt/C MEA was detected by atomic absorption spectros-
copy (AAS). For comparison, the JM Pt/C MEA was prepared
via the method previously reported by our group24 using JM
Pt/C (Johnson Matthey, 40% Pt) catalyst for both anode and
cathode.

2.2. Fuel Cell Measurements. The MEA was assembled
by putting gas diffusion layersprepared by spraying a
carbon−Teflon mixture onto pretreated carbon paperon
the anode and cathode sides. MEA performance was evaluated
using a Fuel Cell Testing System (Arbin Instruments, USA).
The cell temperature was set to be 70 °C with a back pressure
of 30 psi for both the anode and cathode. Pure hydrogen and
air were externally humidified (100% humidification) before
being fed at a gas flow rate of 120 sccm min−1 for hydrogen and
800 sccm min−1 for air.

2.3. Characterizations of the MEAs. The morphologies
of the Pd@Pt/C catalysts were characterized by transmission
electron microscopy and energy dispersive X-ray spectroscopy
(EDS) line scan using a TECNAI G2 F30 transmission electron
microscope (FEI Inc., Valley City, ND) at 300 kV. X-ray
diffraction (TD-3500, Tongda, China) was employed to
investigate the crystal structure of the catalysts. The element
binding energies were analyzed by X-ray photoelectron
spectroscopy (XPS) on a PerkinElmer PHI1600 system
(PerkinElmer, USA) using a single Mg Kα X-ray source
operating at 300 W and 15 kV.

2.4. Electrochemical Measurements of the MEAs.
Electrochemical impedance spectroscopy and cyclic voltamme-
try (CV) were performed on a Zahner IM6e electrochemistry
station (Zahner, Germany). The measurements were carried
out at a cell potential of 0.8 V with an amplitude of 5 mV and in
the frequency range of 0.1−1000 Hz. CV measurements were

Figure 1. Schematic diagram of in situ construction of the Pd@Pt/C catalyst on the electrode and fabrication procedure for the MEA.
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conducted at room temperature, 25 °C, using humidified N2 at
the cathode (working electrode) and humidified H2 at the
anode.

3. RESULTS AND DISCUSSION
The structure and morphology of the Pd/C and Pd@Pt/C
catalysts, which were washed off from the MEA surface with
ethanol, were investigated by TEM. As shown in Figure 2a, all

the Pd NPs had an average grain size of ∼4.5 nm and were
highly distributed on the carbon support. Conversely, most of
the Pd@Pt nanoparticles obtained by PED were 6−8 nm in
diameter (Figure 2b), with a mean particle size of ∼7.5 nm.
The thickness of the Pt layer was ∼1−2 nm, corresponding to
3−6 atomic layers. The slight increase in particle size may be
ascribed to the reduced Pt atoms that were uniformly deposited
on the Pd NPs to form a core−shell structure. This core−shell
structure and element distribution were further confirmed using
scanning transmission electron microscopy/EDS line scan
analysis. A single nanoparticle of Pd@Pt catalyst was chosen
for line scanning (Figure 2c). The higher Pt intensity at the
edge clearly demonstrates the formation of the core−shell
structure. We suggest that the Pt ions selectively settled on the
surface of the Pd particle for two reasons: (i) intimate surface
energy between Pd and Pt (in this situation, Pt preferentially
deposited on the Pd because the interface tension between Pt
and Pd is much less than that between Pt and carbon);26 and
(ii) Pd NPs can be more electronic conducted than XC-72R
carbon powder, so on the Pd surface, Pt2+ ions would easily
capture the electrons to get reduced.
X-ray diffraction patterns were obtained to reveal the

structural changes between the Pd/C catalyst layer in the Pd/
C MEA and the Pd@Pt/C catalyst layer in the Pd@Pt/C MEA.
As shown in Figure 3, the peaks situated at ∼16.9° are typical
features of the Nafion membrane, their intensity so strong that
the graphitic nature of the nearby carbon support appears to
have been weakened. The Pd/C MEA, which was used as the

base material for a further PED process, exhibited very weak
XRD patterns compared with Pd standard (shown by the red
vertical lines). This phenomenon may be explained by the
possible binding effects of Nafion (undetectable with X-rays).
In contrast, the (111) peak and (220) peak at Bragg angles of
around 40° and 68° gradually became distinct after PED of the
Pt, signaling the surface deposition of platinum. Although the
Pt loading was as low as 0.04 mg cm−2 (compared with the Pd
loading of 0.05 mg cm−2), every Pt atom was exposed to X-ray
radiation rather than being hidden beneath the Nafion ionomer.
Furthermore, the refined Pt lattice parameters for the Pt shell of
the Pd@Pt MEA presented a 3.8934 Å f.c.c. lattice constant,
which was slightly compressed compared with the Pt/C MEA
(3.923 Å) reported in our previous research.8 In addition, the
(111) diffraction peak position of the Pd@Pt/C MEA was
slightly shifted to a higher 2θ angle compared with the standard
Pt XRD pattern shown by the green vertical lines. It is
important that no obvious strong diffraction peaks of Pt could
be observed in the XRD patterns, indicating that the Pt atoms
were deposited on the surface of the Pd NPs to form a thin
shell layer.
To further confirm the existence of Pt shell layer decorating

the surface of Pd nanoparticles and probe into the synergic
effect generated by surface electronic tuning, we obtained the
XPS spectra of Pd@Pt/C, Pt/C, and Pd/C for the Pt 4f and Pd
3d regions. As shown in Figure 4a,b, the Pt 4f peak in these two
samples can be deconvoluted into two pairs of doublets. The Pt
4f7/2 signal of Pd@Pt/C shifted to a higher binding energy
(71.53 eV) compared with the Pt 4f7/2 signal of Pt/C (71.32
eV).
On the other hand, the Pd in the core shows a very

distinctive set of XPS spectra. Figure 4c,d shows that the Pd
3d5/2 signal of Pd@Pt/C shifted to a higher binding energy
(335.45 eV) relative to the Pd 3d5/2 peak of Pd/C (335.09
eV). This positive shift (∼0.36 eV) in the Pd binding energy
indicates a strong electronic interaction between the Pd in the
core and the Pt on its surface. This result is consistent with
those reported by others previously.27,28 The observed changes
in binding energy of core−shell catalysts could be attributed to
the electronic coupling between the Pt shell and Pd substrate.29

Meanwhile, a compressive lattice strain induced by placing the
Pt shell with a lager lattice parameter (3.9232 Å) on a Pd
substrate with a smaller lattice parameter (3.8898 Å) would be
another factor causing the positive shift of Pt 4f signals in our
core−shell particles.30−32 Furthermore, as shown in Figure 4a,b,

Figure 2. TEM images and corresponding particle size distribution
histograms (inset) of (a) Pd/C and (b) Pd@Pt/C; and STEM image
of a single particle of Pd@Pt/C (inset), along with the corresponding
EDS line-scanning profile (c).

Figure 3. XRD patterns of Pd/C MEA, Pd standard (shown as red
vertical lines), Pd@Pt/C MEA, and Pt standard (shown as green
vertical lines).
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clearly, the Pd@Pt/C catalyst exhibits higher Pt0 proportion
(66.6%) than that in commercial Pt/C catalyst (54.5%). The
relatively low content of oxide state of Pt in Pd@Pt/C catalysts
suggests a weaker oxophilicity than commercial Pt/C catalyst.
It should be mentioned that the electronic tuning occurred

between the different metal components has been intensively
discussed by other groups.33−35 It is well-understood that the
electronic structure of Pt decorated on the Pd/C surface is
different from that of bulk Pt as a result of the so-called strain
and ligand effects of the core materials. The electronic tuning
between the metal in the shell layer and the core metal(s) may
be attributed to the difference of their electronegativities called
ligand effect, as well as the strain effect induced by the lattice
mismatching of shell layer and core material.
For our catalyst system, the larger electronegativity of Pt

(2.28) than Pd (2.20) may cause the ligand effect; in addition,
the strain effect, caused by the lattice difference of Pt and Pd
(3.923 and 3.890 Å) may make a significant contribution to the
surface electronic tuning.
Figure 5 shows the cyclic voltammograms (CV) plots

obtained in a single fuel cell environment. It can be observed
that the H2 desorption peaks of the Pd@Pt/C MEA in the
range of 0.1−0.3 V increased after the Pt deposition on the
surface of the Pd/C MEA. Because CV plots play a vital role in
probing the surface structure, the peak intensity increase in the
hydrogen desorption region of the Pd@Pt/C MEA would serve
as further indirect evidence for the formation of a core−shell
structure. Because of the high dispersion of platinum on the Pd

core, the calculated ECSA of the Pd@Pt/C MEA can still reach
61.9 m2 g−1Pt, which is 70% ECSA of JM Pt/C MEA (86.1 m2

g−1Pt). However, the Pt loading of the Pd@Pt/C MEA is just
40% of that for JM Pt/C MEA, which might indicate the
former’s higher Pt utilization efficiency. Intriguingly, compared
with JM Pt/C MEA, a positive shift of oxide (OHads)
adsorption and desorption peak in the Pd@Pt/C MEA in the
region of 0.7−0.9 V was discovered. This implies a weaker
binding of OH species on the surface of the Pd@Pd, as
illustrated by XPS analysis, and thus may improve the catalytic
activity and durability of the catalysts.3,36,37

The catalytic activity of the Pd@Pt/C MEA as the anode in a
single PEM fuel cell was investigated using H2 and air as the
fuel and oxidant gases at 70 °C. As shown in Figure 6a, when
we compare the performance of the MEA prepared using a JM
Pt/C catalyst that has 4.3 times the Pt loading at the anode, we
observe that the Pd@Pt/C MEA has better performance across
the whole polarization region. Even taking into account the
total amount of metal (Pd + Pt), the performance of the Pd@
Pt/C MEA still surpasses that of the JM Pt/C MEA. The mass-
specific activity was benchmarked against the Pt and total metal
loadings, as shown in Figure 6b, demonstrating that the Pd@
Pt/C MEA was almost 5.4 times and 1.2 times higher than the
JM Pt/C MEA, respectively. The maximum power density was
as high as 780 mW cm−2 for the Pd@Pt/C MEA, compared
with 610 mW cm−2 for the commercial JM Pt/C electrode. The
enhancement in H2/air cell performance demonstrates the
MEA’s superior Pt utilization and mass-transport profile. This
remarkable electrocatalytic activity is specifically attributable to
the in situ construction of the core−shell nanoparticles at the
three-phase boundary on the MEA, which results in surface
electronic tuning between the Pd and Pt d-band centers and
substantially reduces the amount of Pt used.
Figure 7a presents the typical single-cell performances for

both Pd@Pt/C MEA (0.04 mgPt cm
−2) and JM Pt/C MEA (0.1

mgPt cm
−2) as cathode catalysts under the following operating

conditions: 70 °C for cell, H2, and air temperature; 5 cm2

effective area; 30 psi back pressure. The JM Pt/C (0.1 mgPt
cm−2) was prepared as the anode for these two MEAs. The
MEA with Pd@Pt/C catalyst exhibited a much better
performance than the JM Pt/C MEA across the entire
electrochemical reaction region. It is important and interesting
that even when the platinum loading was as low as 0.04 mg
cm−2 at the cathode, the Pd@Pt/C MEA still maintained an

Figure 4. XPS spectra of (a) Pt 4f in Pd@Pt/C, (b) Pt 4f in Pt/C, (c)
Pd 3d in Pd@Pt/C, and (d) Pd 3d in Pd/C.

Figure 5. Cyclic voltammograms of JM Pt/C MEA 0.1 mgPt cm
−2,

Pd@Pt/C MEA 0.04 mgPt cm
−2 and Pd/C MEA. The measurements

were performed at 27 °C using humidified N2 at the cathode (working
electrode) and humidified H2 at the anode (counter electrode and
reference electrode). Scan rate: 0.05 V s−1.
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impressive performance and achieved considerable output
power density at 0.6 V. In particular, the mass-transport profile
of the Pd@Pt/C MEA was improved significantly in the high
current density area, indicating that the thinner catalyst layer
shortened the proton pathway and promoted diffusion and
transportation of the gases. Furthermore, the in situ electro-
chemical impedance results for the two MEAs (see Figure 8
and Table.1) were in good agreement with their single-cell
performance, shown in Figure 7a. Only one semicircular loop
can be observed in the Nyquist plot because the electrode
process is dominated at low current densities by the ORR.38

Apparently, the Pd@Pt/C MEA had the smaller charge transfer
resistance, which suggested that the ultralow platinum loading
MEA yielded a more efficient electrochemical active zone than
did the conventional JM Pt/C MEA. As shown in Figure 7b,
the mass activity (in terms of Pt mass) was also compared and
presented a confirmative advantage of the Pd@Pt/C MEA. It
can be seen that the Pt mass of the Pd@Pt/C MEA was 3.4
times higher than that of the JM Pt/C MEA, which
demonstrated the superiority of the Pd@Pt/C MEA under
the sluggish kinetics of the oxygen reduction reaction at the
cathode.
Preliminary stability testing of the Pd@Pt/C as the cathode

catalyst, presented in Figure 9, was conducted at 600 mA cm−2

for 150 h under constant discharge operation. It should be
mentioned that no obvious decay in performance was observed
for either the Pd@Pt/C MEA or the JM Pt/C MEA; actually,
the Pd@Pt/C MEA suffered slight degradation in the beginning
stage but stabilized after 20 h, indicating that its stability is
comparable to that of JM Pt/C MEA.

Regarding the greatly enhanced performance and excellent
stability of our MEAs, we believe that they may be caused by
following factors: (1) The very high dispersion of Pt. It was

Figure 6. (a) Polarization curves for single-cell performance and (b)
mass activity comparison for the MEAs with different anode
compositions and identical cathodes (JM Pt/C 0.2 mgPt cm

−2).

Figure 7. (a) Polarization curves for Pd@Pt/C MEA (Pt loading 0.04
mg cm−2) and JM Pt/C MEA (Pt loading 0.1 mg cm−2) as the
cathode. The MEAs have identical anode Pt loadings (JM Pt/C 0.1 mg
cm−2). (b) Mass activities. The solid rectangle represents the mass
activity in terms of metal, and the dashed rectangle represents the mass
activity in terms of Pt.

Figure 8. In situ electrochemical impedance curves of Pd@Pt/C MEA
and JM Pt/C MEA at 0.8 V.

Table 1. Resistance of Single Cell with Two Types of MEAs

sample Pd@Pt/C MEA JM Pt/C MEA

RΩ(Ω cm2) 1.135 1.147
Rct(Ω cm2) 0.601 0.775
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confirmed by many researchers that the high dispersion of
active components will result in high mass activity.3,8 In our
MEAs, the Pt atoms were deposited on the surface of Pd
nanoparticles with a thickness of several atoms, therefore
resulting in the greatly enhanced mass activity of Pt. (2) The
high accessibility of the Pt. In our MEAs, almost all Pt atoms
are accessible for the oxygen molecules because of the
deposition pattern of the Pt atoms on the gas−liquid−solid
interface (three-phase boundary), which is not covered by the
binder or blocked by the support surface. (3) The interaction
between the Pd in core and the Pt in shell layer improves the
performance of the catalyst. It was reported by Adzic et al. and
our group12,39 that the increase in Pt mass activity is often
much higher than the increase in the Pt exposure or Pt active
surface area. A reasonable explanation for this phenomenon
should be the interaction between the core and the shell. As
demonstrated previously,40,41 manipulating the surface elec-
tronic structure of Pt may have an impact on the ORR activity,
resulting in more active Pt sites for the ORR. In this work, we
found that our Pd@Pt/C MEA exhibits higher Pt0 proportion
revealed by XPS and lower charge transfer resistance than that
of JM Pt/C MEA, confirming the performance improvement
occurred by the interaction between the Pd core and the Pt
shell. (4) The lattice strain caused by the deposition of Pt on
the Pd core may also have contributed to the performance
enhancement. It is suggested that the favorable lattice strain
effects in changing the d-band center of the surface Pt atoms in
the core−shell nanoparticles could contribute a lot to the
enhancement in ORR activity.41,42 It is well understood that the
persistence of the OH groups on the Pt surface is a significant
hindrance to ORR activity because of site blockage by OH.43

Lowering the d-band center results in a decrease in the
adsorption energy of the adsorbates to the Pt atoms, therefore
accelerating the removal of OH and improving the ORR
activity at last.44,45 In this case, the lattice constants of Pt and
Pd are 3.9232 and 3.8898 Å, respectively. When Pt atoms were
deposited over the Pd core, the mismatch of the two elements
would induce a lateral compressive strain of the surface Pt
atoms relative to bulk Pt. The lattice constant calculated from
the XRD pattern of Pd@Pt/C (Figure 3) is 3.8934 Å. The
strain caused by the lattice compression would lead to a
downward shift of the d-band center of Pt.46 Accordingly, with
a downward shift of the d-band centers, the Pd@Pt NPs can
remove oxygenated species more easily than Pt/C NPs,
resulting in enhanced ORR activity in this work. This is

strongly supported by XPS observation, which has been
reported and verified by other groups.17,31,32 In addition, we
believe the high stability of our Pd@Pt/C MEA should also be
related to the strong interaction between the Pt in the shell
layer and the Pd in the core.

4. CONCLUSION
Using a facile design process involving a PED approach, we
fabricated a “green”MEA that has an ultralow Pt loading (0.015
mg cm−2 at the anode and 0.04 mg cm−2 at the cathode) with a
novel Pd@Pt/C catalyst layer. Through in situ construction of
active Pt nanoparticles directly on the surface of the Pd/C-base
layer, the usage of platinum was significantly reduced.
Furthermore, the novel Pd@Pt/C MEA exhibited enhanced
performance as well as improved mass transfer in the single cell
at both the anode and the cathode compared with JM Pt/C
MEA, which may be owing to the catalyst layer’s unique
structure, high platinum dispersion, and interaction between
the Pt shell and the Pd core. A more detailed study of this
approach for fabricating the ultralow Pt loading MEA with
improved ORR catalytic activity is forthcoming.
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