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ABSTRACT: A promising electrocatalyst prototype of low Pt mole
fraction, intermetallic nanoparticles of CusPt, has been prepared using a
simple impregnation-reduction method, followed by a post heat-treatment.
Two dealloying methods (electrochemical and chemical) were implemented
to control the atomic-level morphology and improve performance for the
oxygen reduction reaction (ORR). The morphology and elemental
composition of the dealloyed nanoparticles were characterized at angstrom
resolution using an aberration-corrected scanning transmission electron
microscope equipped with an electron energy loss spectrometer. We found
that the electrochemical dealloying method led to the formation of a thin Pt
skin of ca. 1 nm in thickness with an ordered Cu;Pt core structure, while ‘
chemical leaching gave rise to a “spongy” structure with no ordered structure "5z "5i 5 Wl % e conen onem
being preserved. A three-dimensional tomographic reconstruction indicated

that numerous voids were formed in the chemically dealloyed nanoparticles. Both dealloying methods yielded enhanced specific
and mass activities toward the ORR and higher stability relative to Pt/C. The spongy nanoparticles exhibited better mass activity
with a slightly lower specific activity than the electrochemically dealloyed nanoparticles after 50 potential cycles. In both cases,
the mass activity was still enhanced after 5000 potential cycles.
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roton exchange membrane fuel cells (PEMFCs) have long single crystal planes, such as Pt(110),'® Pt(100),'"® and

been considered as a potential green alternative to internal Pt;Ni(111)," and so forth.
combustion engines used in automotive and stationary Recently, dealloyed Pt bimetallic nanoparticles, especially
applications due to the potential for high efficiencies (as they Pt—Cu alloy nanoparticles, have attracted attention as electro-
are not limited by the Carnot cycle) and zero carbon dioxide catalyts for the ORR.*7%° It has been shown that by using
emissions when hydrogen is the fuel."’?> One of the major electrochemical methods, Cu is removed from the alloy surface
limitations for commercialization of this technology is the high layers, forming a Pt-rich core—shell nanostructure, which
cost of Pt, which is used as the electrocatalyst in the anodes and exhibits enhanced ORR activity when compared to pure Pt
cathodes of fuel cells. Numerous studies have been dedicated to nanoparticles.”””** Most previous studies have focused on Pt-
screening more efficient electrocatalytic materials, especially for based alloy nanoparticles in which the lack of an ordered
lowering the precious metal loading and improving the sluggish structure makes it more challenging to produce a specific
kinetics of the oxygen reduction reaction (ORR) at the atomic-level morphology and surface structure.””*® Here we
cathode. Early studies focused on lowering cost and improving explore ordered intermetallic Cu;Pt/C nanoparticles as a
ORR activity by alloying Pt with some 3d transition metals (i.e., promising type of a low Pt-content electrocatalyst, which can
Pt—M alloys, where M = Fe, Co, Ni, V, and so forth),>™® and be prepared using a simple impregnation-reduction method
the activities of these materials have been found to be about 2—
4 times greater than pure Pt for the ORRA'™* Other Received: June 28, 2012
approaches have included Pt monolayer &at?LYSts on nano- Revised:  August 28, 2012

particles of other metals or metal oxides and different Published: September 6, 2012
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followed by a high-temperature post-treatment. Two dealloying
methods were examined to enhance the ORR activity, namely,
electrochemical and chemical leaching. The morphology and
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Figure 1. XRD patterns of CuyPt/C prepared at 300 °C and after 1000
°C heat-treatment. Below are the peak positions of standard pure
metallic Pt, Cu, and intermetallic Cu;Pt.

atomic-scale elemental distribution of the as-prepared and
dealloyed nanoparticles were determined using atomic-
resolution electron energy loss spectroscopic (EELS) imaging
in a fifth-order aberration-corrected scanning transmission
electron microscope (STEM) equipped with an electron energy
loss spectrometer. Using atomic-scale EELS mapping, we found
that both Pt and Cu are distributed relatively uniformly in the
as-prepared particles, and that the surfaces do not show
significant preferential segregation. After electrochemical deal-
loying, an ~1 nm Pt-rich shell is formed enclosing an ordered
Cu,Pt intermetallic core. The ordered core strains the Pt shell,
which is known to enhance the electrocatalytic activity toward
the ORR.” Unlike electrochemical dealloying, however,
chemical leaching gave rise to a “spongy” structure with no
apparent remaining ordered intermetallic structure, which was

further verified by a three-dimensional (3D) tomographic
reconstruction. This study reveals the correlations among the
dealloying treatments, the resulting atomic-scale chemical
structure, and ORR activity.

Carbon-supported CusPt intermetallic nanoparticles with
10% Pt by weight, 10 wt %, were prepared via a two-step route
(Supporting Information Figure S1). First, the CusPt/C
nanoparticles were preprepared using an impregnation-
reduction method in which the H,PtCls and CuCl, precursors
(previously adsorbed on the Vulcan XC-72 support) were
reduced under flowing H, in a tube furnace at 300 °C. The
sample was then annealed at 1000 °C in a tube furnace under
flowing H, to form an ordered intermetallic phase. Figure 1
shows the X-ray diffraction (XRD) patterns of the samples and
the standard powder diffraction files (PDF). When annealed at
300 °C, two types of diffraction peaks were present: broad
peaks with characteristic at 20 values of 41, 48, and 70° and
sharp ones at 26 values of 43, 50, and 74°. The broad diffraction
peaks were at higher angles, compared to pure Pt, because the
lattice contracts when Cu atoms are incorporated into the Pt
lattice to form a PtCu, alloy. The sharp diffraction peaks,
corresponding to metallic Cu, indicate that not all of the Cu
was alloyed with Pt under the experimental conditions
employed. On the other hand, the single phase, ordered
intermetallic Cu;Pt, formed after the as-prepared PtCu,-Cu/C
nanoparticles were heat-treated at 1000 °C (Figure 1). The
XRD pattern showed pronounced (100) and (110) superlattice
peaks, characteristic of a well-ordered, intermetallic phase, and
all the diffraction peak positions were consistent with the
standard PDF card of the Cu;Pt intermetallic phase (PDF card
#03-065-3247). The average particle size calculated by using
the Debye—Scherrer equation is about 12 nm. We also
performed an in situ transmission electron microscopy
(TEM) heating experiment to monitor changes to the as
prepared (at 300 °C) PtCu,—Cu nanoparticles upon annealing
at higher temperatures (Supporting Information Figure S2).
After heating at 1000 °C, the large Cu particles decreased in

Figure 2. (a) ADF-STEM images of a [011] oriented Cu;Pt/C intermetallic nanoparticle; (b) 2D EELS map of Cu-L,; edge; (c) simultaneously
recorded ADF image, which represents signals from Pt due to Z-contrast; (d) composite Cu vs Pt map, showing a homogeneous distribution of Pt
and Cu; (e) FFT of (a) with {100} peak indicating formation of intermetallic structure; (f) a crop of the super lattice feature from (a) with four Pt
atoms (brighter) around each Cu atom (darker). The matching theoretical model of ordered intermetallic CusPt is shown in the inset of (f).
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Figure 3. (a,b) Cyclic voltamograms of Cu;Pt/C ordered intermetallic nanoparticles during electrochemical dealloying in 0.1 M HCIO,, at a scan
rate of 50 mV s™". Color-coded legends indicate the cycle number. (c) ORR polarization curves in O,-saturated 0.1 M HCIO, at a rotation rate of
1600 rpm and a scan rate of 5 mV s™". (d,e) Pt mass and area specific activities at +0.9 V, respectively. (f) Summary of mass and specific activities for

the ORR.

size and disappeared, while the smaller particles of PtCu, grew
concomitantly larger.

Energy-dispersive X-ray (EDX) and EELS elemental
mapping are invaluable tools for understanding the composi-
tion and morphology of Pt-bimetallic nanoparticles.”>**~>*
Figure 2a,b shows the scanning TEM (STEM)-EELS images of
a Cu;Pt/C nanoparticle, while the EELS mappings of Cu and
Pt are shown in Figure 2b—d. The images indicate that there is
no phase segregation of Cu and Pt in the core, while one to two
monolayers of Cu are segregated on four facets, while others
are Pt—Cu alloy terminated. Evidence of Cu on the surface
could also be found in the cyclic voltammetric (CV) testing in
Figure 3a, vide infra. The Fourier fast tranform (FFT) analysis
(Figure 2e) exhibited three groups of diffraction peaks, {111},
{100}, and {200}, which are in agreement with the XRD
results. The strong intensity of the {100} and {110} peaks is
evidence of the existence of an ordered structure across the
selected region. The “Z-contrast” image obtained with an
annular dark field (ADF) was used to differentiate between
columns of Pt and Cu atoms in appropriately oriented particles.
The ADF detector collects elastically scattered electrons with
an intensity that is S—7 times higher for Pt than for Cu,
allowing the differentiation of Pt and Cu atoms based on the
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intensities in a ADF-STEM image.”®> The box in Figure 1f
demonstrates that there are periodic square arrays of four Pt
atoms around each Cu atom, which is consistent with the
ordered structure (inset in Figure 2f). All of these observations
unambiguously indicate the formation of ordered intermetallic
Cu;Pt nanoparticles.

Two methods were used to dealloy the Cu;Pt/C
intermetallic nanoparticles. In the first, the potential applied
to the Cu;Pt/C intermetallic nanoparticles was cycled between
+0.0S and +1.0 V (Figure 3a,b). The first five cycles exhibited
no clear hydrogen adsorption/desorption peaks between +0.05
and +0.3 V, indicating that the surface is not Pt-rich. In
addition, at the second cycle it was apparent that some Cu had
dissolved into the solution during the first anodic scan, as
indicated by the small bulk Cu oxidation peak at around +0.3 V,
and the broad peak between +0.3 to +0.9 V due to the under
potential deposition of Cu. In the cathodic scan, Cu was
redeposited on the nanoparticles, as evidenced by the three
peaks at +0.6, +0.35, and +0.25 V. As the cycling continued, the
Cu peaks gradually decreased and hydrogen adsorption/
desorption features emerged and became well-defined after
50 cycles, indicating that the surface had become Pt-rich. In
addition, both the onset potential and the peak potential of the

dx.doi.org/10.1021/n1302404g | Nano Lett. 2012, 12, 5230—5238
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Figure 4. (a,b) BF and ADF-STEM overview images of Cu;Pt/C intermetallic nanoparticles after electrochemical dealloying. (c,d) Atomic-
resolution HAADF-STEM and BF images of one nanoparticle along [011] zone axis, showing an ordered intermetallic structure in the highlighted
region. (e) FFT of highlighted area from (c) with superlattice peaks in red. (f) EELS mapping of Cu L, ; edge. (g) EELS mapping of Pt N; edge after
20 iterations of MCR (multivariate curve resolution) analysis (a comparison on the reliability of such method is in Supporting Information Figure
S6). (h) Combination of (f) and (g), showing Pt shell. (i) Line profiles of Pt and Cu with a quantitatively determined 1.1 nm Pt shell.

Pt oxide reduction shifted in positive direction with cycling,
reflecting a decrease in the adsorption strength of the oxygen-
containing species on the electrode surface, which is key for
enhancing the ORR activity.***

After rinsing the electrode and placing it in fresh, O,-
saturated electrolyte, the electrocatalytic activity for ORR of
electrochemically dealloyed Cu;Pt/C intermetallic nanopar-
ticles was investigated by linear sweep voltammetric (LSV)
scans using a rotating disk electrode (RDE) (Figure 3c).
Compared to Pt/C catalyst nanoparticles, the ORR polarization
curves of dealloyed Cu;Pt/C intermetallic nanoparticles
exhibited onset and half wave potentials that were 40 mV
more positive after 50 potential cycles, and even more positive
(for a total about of 50 mV) after S000 cycles. The Pt mass
activity at +0.9 V was determined to be 0.38 and 0.65 A/mgp,
after 50 and 5000 cycles, respectively. These values are about
five and seven times higher than that of the Pt/C catalyst
(Figure 3d,f). The specific activity (current per unit surface area
of Pt as determined by hydrogen adsorption) also showed a 1
order of magnitude increase (Figure 3e) relative to Pt/C. The
current density was obtained by normalizing the kinetic current
to the Pt surface area that was calculated by integrating the
coulometric charge associated with the adsorption and
desorption of hydrogen between +0.05 and +0.40 V, using a
conversion factor of 200 #C cm™ for the adsorption of a
monolayer of hydrogen (the value of 200 4C cm™ was recently
proposed by Feliu et al.***”). Such enhanced activity could be
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ascribed to two reasons (1) the formation of a large number of
active sites after dealloying (Figure 3b) and (2) the
modification of the electronic structure of Pt. Both effects
would affect the bonding energy between Pt and oxygen-
containing species (Figure 3b).

Figure 4a,b shows a pair of overview STEM images of Cu;Pt/
C intermetallic nanoparticles after electrochemical dealloying.
The images show that a majority of the particles are still well-
dispersed on the carbon support and the particle size
distribution calculate from more than 100 nanoparticles
shows that the mean particle size is about 11 nm in diameter,
which is comparable to the as-prepared nanoparticles
(Supporting Information Figure S3). One representative
nanoparticle was investigated by atomic resolution imaging
(Figure 4c,d). The intermetallic core structure was preserved
after the electrochemical dealloying treatment, as seen from the
ADF-STEM images (Figure 4c,d), and the FFT indicates the
presence of superlattice peaks such as {221} (Figure 4e). The
surface of this nanoparticle is Pt-rich, as demonstrated by EELS
mapping (Figure 4f—h), and consistent with the cyclic
voltammetric measurements. Since the Cu-L,; edge has very
distinct features and an abrupt onset, a linear combination of
power-law background subtraction method was used*® (Figure
4f) to separate out the Cu edge. On the other hand, the delayed
onset for Pt—N and Pt—M edges is highly sensitive to errors in
the power-law background subtraction. To map Pt concen-
trations accurately (Figure 4g), the multivariate curve

dx.doi.org/10.1021/n1302404g | Nano Lett. 2012, 12, 5230—5238



Nano Letters

resolution (MCR) method was carried out on the Pt—N edge
(the evaluation of such method is presented in Supporting
Information Figure S4 and can also be found in a previous
publication®®). This method enables a clear determination of
the Pt-shell thickness to be about 1 nm (Figure 4i).

Chemical dealloying of the CuyPt/C ordered intermetallic
nanoparticles was carried out by immersing the sample in 1 M
HNO; for 2 days under continuous magnetic stirring. XRD
showed that after chemical dealloying, all the peaks became
weaker and their peak positions shifted to lower angles,
although still not as low as the peak positions of pure Pt
(Supporting Information Figure SS), indicating the partial but
not total, removal of the Cu from the bulk of the Cu;Pt/C
ordered intermetallic nanoparticles. The super lattice peaks
characteristic of the ordered intermetallic structures at around
24 and 34° are almost invisible, indicating that a disordered
Pt,Cu alloy formed after chemical dealloying. The overview of
bright-field (BF) and ADF-STEM images (Figures Sa) show

Figure S. (a) BF (left) and ADF-STEM (right) overview images of
Cu;Pt/C intermetallic nanoparticles after chemical dealloying. (b)
Atomic-resolution BF-STEM image of four spongy nanoparticles. (c,d)
EELS mapping of Cu L,; edge and simultaneously recorded Pt M,
edges and combination of Cu and Pt maps, showing two nanoparticles
of approximately 10 and 20 nm, respectively.

that the particles are well distributed on the carbon support.
The speckle patterns in the Z-contrast (ADF-STEM) images
(Figures Sa (right) and Sb) of the chemically dealloyed
particles indicate that the particles may have developed a
porous structure. However, the origin of the dark spots in the
projected Z-constrast images could either reflect Cu-rich
volumes (Cu scatters less than Pt) or voids/divots (deficiency
of both Pt and Cu). The presence of Cu-rich volumes,
nonetheless, can be excluded by our chemical mapping of the
particles (Figure Sc,d). From a comparison of the Z-contrast
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dark spots and the Cu and Pt elemental maps, there does not
appear to be any correlation. Thus, although a bit speculative
on our part, we believe that the dark features in the image
represent voids in the nanoparticles, consistent with a spongy
structure. To directly visualize the three-dimensional porous
network formed after chemical dealloying, we performed ADF-
STEM 3D tomography of spongy nanoparticles. The
reconstructed porous structures are visualized in Figure 6.
Two differential viewing angles are provided (Figure 6a,b) with
two arrows indicating channels connecting to the exterior
surfaces. The internal porous network is visualized from
consecutive cross-sectional images through the 3D reconstruc-
tion of the nanoparticle (Figure 6c). It demonstrates the
internal nanoporosity of the nanoparticles and a dramatic
increase in the surface-to-volume ratio after the chemically
dealloying process. The formation of the spongy structures is
likely due to the Kirkendall effect (the diffusion rates of Pt and
Cu are different in the alloy) similar to the previously reported
hollow-structure formation.>

To evaluate the effects of size on the morphology of
chemically dealloyed nanoparticles,*” we analyzed the size
distributions of spongy nanoparticles (Figure 7). Since only a
fraction of the nanoparticles are on the same focal plane from
the HAADF-STEM image (Figure Sa), analyzing nanoparticles
from these images will introduce inaccuracies, especially when
many of the pores are almost invisible when outside the depth
of focus. Therefore, we have carried out an experiment in which
we take 34 consecutive images at different defocus, a procedure
that has been previously reported to be more accurate for
analyzing nanoparticle size distribution.* By extend depth of
field reconstruction,* most nanoparticles are present on the
same focal plane (Figure 7a). The size distribution of such an
image is shown in Figure 7b, where the “nonspongy”
nanoparticles have a mean diameter of 7.5 + 0.7 nm while
the spongy ones are 14.9 + 2.4 nm. We checked the accuracy of
the method by hand-segmentation of nonspongy and spongy
particles separately (Figure 7c,d). However, since not all the
pores are observable at the same viewing direction, it is possible
that we might pick (place) some spongy ones into the
nonspongy category. The analysis of such error is propagated
by reporting the upper bound of the number of nonspongy
ones and the lower bound for the spongy ones. As Figure Sa
shows, after chemically dealloying only the larger size
nanoparticles have evolved into porous structures, while most
of smaller ones remain nonspongy. In the case of Pt—Cu binary
materials, since Cu is more soluble than Pt upon electro-
chemical cycling, vacancies are expected inside the particles, if a
Ptrich shell is formed on the surface, so as to slow further
diffusion. A spongy structure could evolve when the etching
rate of Cu is comparable to the surface diffusion rate of Pt.*>*
However, if the diffusion length (where Pt is redeposited on the
surface) is larger than the particle size, a spongy structure
would not be expected.””*>* This explains why many smaller
nanoparticles have remained nonspongy after chemical deal-
loying, and in turn, illustrates the importance of using through-
focal ADF-STEM imaging series and EELS mapping to confirm
the existence of porous structures. Similar results have been
recently reported in a study of the size dependence of structure
and morphology in dealloyed bimetallics in which it was shown
that nanopores or hollows were not observed when the particle
size was below 5 nm, while multiple core—shell structures
formed when the particle size ranged up to 20 nm.*’

dx.doi.org/10.1021/n1302404g | Nano Lett. 2012, 12, 5230—5238
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Figure 6. (a)b) Three-dimensional tomographic reconstruction of a chemically dealloyed nanoparticle (spongy) at two different viewing directions.
The arrows indicate channels connecting to the exterior surfaces. (c) A series of consecutive slices through the isosurfaces of such nanoparticle
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Figure 7. (a) Extend depth of field reconstruction of 34 through-focal series of the dealloyed spongy Pt—Cu nanoparticles with most nanoparticles
reconstructed at the same focal plane. (b) Size distributions of nonspongy and spongy nanoparticles with error bars of mean diameter corresponding
to three standard errors of the mean. (c,d) Masks for analyzing the size distribution. Each of the 34 through-focal frames is checked to categorize the
spongy and nonspongy nanoparticles. However, due to the limitation of spatial resolution, we cannot eliminate errors of placing spongy ones into the
nonspongy category. Therefore, we report the upper limit of nonspongy nanoparticles and the lower limit of spongy nanoparticles, assuming the
confidence interval in the number of nonspongy nanoparticles is dominated by Poisson counting statistics. It is clear that larger nanoparticles are
more likely to form a spongy structure.

We compared the ORR activity of spongy Pt.Cu/C ORR mass activity of the spongy nanoparticles grew by a factor
nanoparticles with Pt/C. As shown in Figure 8, the as-prepared of 1.6 and was even slightly higher after 5000 cycles. These data

spongy particles (denoted as the “no cycling” sample) exhibited suggest that by tuning the atomic and/or electronic structures,
higher onset and half wave potentials than pure Pt. The half- one can achieve improved electrocatalytic activity for the ORR
wave potential was about S0 mV more positive than Pt. It has (Figure 8a). The CVs (Figure 8b) reveal a large hydrogen
been reported that such hollow structures are not stable under adsorption/desorption region in the first cycle but without well-

39,

fuel cell operating conditions.*** However, after 50 cycles the resolved peaks. The hydrogen peaks decreased in amplitude
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Figure 8. (a) ORR polarization curves of chemically leached nanoparticles after different potential cycles (0.05—1.0 V vs RHE) in O,-saturated 0.1
M HCIO, at a rotation rate of 1600 rpm and a scan rate of 5 mV s™". (b) Cyclic voltammograms of chemically leached nanoparticles after different

potential cycles (0.05—1.0 V vs RHE) in 0.1 M HCIO,, at a scan rate of 5 mV s~

. Color-coded legend indicates the cycle number. (c,d) Pt mass

activities for the ORR at +0.9 V. (e,f) Specific activities for the ORR at +0.9 V.

with potential cycling but were almost constant after 50 cycles.
In addition, two well-defined peaks appeared, indicating the
presence of several Pt surface structures. This suggests that the
Pt surface structure was established from the topmost layers
during potential cycling. Chemical leaching gave rise to
disordering of the previously ordered intermetallic nano-
particles so that the resulting surfaces would be anticipated to
have more defects such as steps and kinks. With electro-
chemical cycling, Pt atoms associated with these defects might
be able to rearrange due to electrochemical dissolution and
redeposition, which may explain the appearance of the well-
defined hydrogen adsorption/desorption features. This phe-
nomenon might also lead to a change in the adsorption of
oxygen-containing species and affect the ORR activity
accordingly. The mass activities at +0.90 V of the spongy
nanoparticles were found to be 0.35, 0.58, and 0.64 A mg™'p,
with no potential cycling after 50 and 5000 cycles, respectively.
The corresponding specific activities were measured to be 0.38,
091, and 1.1 mA cm™%. The spongy structures were stable
even after 5000 potential cycles, which can be seen from the
STEM images (Supporting Information Figure S6) showing
that most of the spongy structures were preserved after 5000
potential cycles. The chemically leached nanoparticles exhibited
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better electrocatalytic activity, just after leaching, than the
electrochemically treated nanoparticles after 50 cycles, as can be
ascertained from Supporting Information Figure S7. The half-
wave potential of the spongy product was about 20 mV more
positive than the electrochemically leached product (Support-
ing Information Figure S7) and the mass activity at 0.9 V was
about 1.5 times higher, although the specific activity is slightly
less (Supporting Information Figure S7).

The higher mass activity of chemically dealloyed nano-
particles (spongy) could be attributed at least in part to the
increased surface area resulting from nanovoids formed after
chemical leaching. We have investigated the nature of such
enhancement from two aspects. First, by comparing the CVs
presented in Figures 3b and 8b, we can see that the areas
corresponding to hydrogen adsorption/desorption regions are
higher for chemically dealloyed nanoparticles than for electro-
chemically dealloyed ones, indicating that the chemically
dealloyed samples present a higher electrochemical surface
area (ECSA). Second, we performed high-resolution chemical
mapping and 3D reconstruction of the chemically dealloyed
nanoparticles (Figures S and 6). The results showed that the
nanoparticles developed a nonporous structure after chemical
dealloying. This porous structure dramatically increased the

dx.doi.org/10.1021/n1302404g | Nano Lett. 2012, 12, 5230—5238
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surface-to-volume ratio which, in turn, increased the electro-
catalytic activity toward the ORR.

In conclusion, ordered Cu;Pt intermetallic electrocatalyst
nanoparticles have been successfully prepared and electro-
chemically activated via two dealloying methods. Subangstrom
resolution EELS-STEM imaging indicated that the electro-
chemical treatment resulted in a 3—5 monolayer Pt-rich shell,
which enhanced the ORR activity. Furthermore, the chemically
leached samples (spongy nanoparticles) showed both higher
activity and durability for the ORR. Since most electrocatalysts
yield a lower catalytic activity after extensive electrochemical
aging, it is important to note that the spongy nanoparticles
behaved differently with their ORR activity actually improving
by electrochemical cycling, at least up to 5000 cycles. Without
the aid of surfactants or capping ligands, the methods reported
here offer morphology control and new opportunities for
preparing durable, active and low Pt-loading electrocatalysts,
which are crucial for the wide commercialization of PEMFCs.
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