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One key area in advancing hydrogen fuel cells is to improve
both the sluggish kinetics and long-term stability of cathode
catalysts.'* A major strategy for improving the activity is to use
platinum alloys instead of pure platinum as the electrocatalysts,*
though leaching of nonplatinum metal over time is a major issue.
The loss of surface area due to Ostwald ripening or grain growth
is another major factor that often results in the degradation of
catalytic performance.® One solution to improve the durability is
to deposit Au nanoclusters on Pt catalysts.®

In this paper, we describe a new approach to address both the
activity and stability issues synergistically by using palladium metal
nanoparticles as support for Pt catalysts based on a particle-on-
particle structure. Such heterogeneous bimetallic nanocrystals are
expected to integrate several different functionalities in one
structure, which is difficult to accomplish in a single-component
material. The rationales for choosing palladium as a metallic support
for platinum nanoparticles are based on the following two major
factors: First, both metals have a face-centered cubic (fcc) phase
with a unit length of 3.92 A for Pt and 3.89 A for Pd. The small
lattice mismatch means that the epitaxial growth should be favored.”
Second, a Pt monolayer on a Pd surface shows significantly higher
catalytic activity than pure Pt in an oxygen reduction reaction
(ORR).2

Selective growth of metals on semiconductors and metal oxides
and semiconductors on semiconductors has been investigated in
recent years, though examples on well-defined metal-on-metal
heteronanostructures are still quite limited.”?~'" Heterogeneous
nucleation and growth, however, should be favored thermodynami-
cally over the homogeneous nucleation for the corresponding
individual elements, when the global energy minimum is dominated
by interfacial energy.>'? Additional reduction in free energy can
further be achieved through epitaxial growth. Here we report the
synthesis of Pt-on-Pd heterogeneous bimetallic nanostructures based
on such principles. Carbon-supported Pt-on-Pd bimetallic nano-
structures are further examined for its catalytic properties in ORR.

The Pt-on-Pd nanoparticles were prepared using a sequential
synthetic method (See Supporting Information for details). The
palladium nanoparticles were made from palladium acetylacetonate
in oleylamine based on a modified procedure.'*'* The as-made
palladium nanoparticles were fairly monodisperse and had an
average diameter of 5.3 + 0.6 nm (Figure S1). A powder X-ray
diffraction (PXRD) pattern shows the particles were made of Pd
metal (Figure S2). Figure 1a shows the representative TEM image
for the as-synthesized Pt-on-Pd nanoparticles. The Pt nanoparticles
had an average diameter of ~3 nm and were distributed evenly on
the surface of palladium nanoparticles. A high-resolution TEM (HR-
TEM, FEI TECNAI F-20) image shows that these nanoparticles
have good crystallinity with well-defined fringes (Figure 1b). The
Pt nanoparticles grew along the (111) crystal planes on Pd supports.
No obvious grain boundaries or defects could be observed, as only
a very small lattice mismatch of 0.77% existed between Pt and Pd
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Figure 1. Representative (a) TEM, (b) HR-TEM, (c) HAADF-STEM
images and (d, e) elemental maps for Pd and Pt metals of Pt-on-Pd bimetallic
nanoparticles; (f) TEM and (g) HR-TEM images of carbon-supported Pt-
on-Pd bimetallic catalysts after the thermal treatments.

metals.” Similar architectures have been reported in other bimetallic
systems, such as Au—Pt.!! The elemental distributions of these two
metals were studied by high-angle annular dark field scanning TEM
(HAADF-STEM). Figure 1c—e show a representative STEM image
and the corresponding energy dispersive X-ray (EDX) maps for
Pd and Pt of a Pt-on-Pd nanoparticle. While Pd could only be
detected in the core region, Pt was found throughout the entire
particle including the “branch” regions, indicating the formation
of Pt-on-Pd nanoparticles. A PXRD pattern shows multiple dif-
fraction peaks could be observed and indexed to an fcc lattice
(Figure S2). The atomic ratio between Pd and Pt in the bimetallic
nanostructures was ~1/3 based on the EDX analysis using field
emission scanning electron microscopy (FE-SEM, Zeiss-Leo
DSM982), close to the Pd metal/Pt(acac), molar ratio in the reaction
mixture (Figure S3). The as-made nanoparticles could be loaded
onto a carbon support (Vulcan XC-72R) and thermally treated to
make Pt-on-Pd bimetallic catalysts. Figure 1f shows representative
TEM images of carbon-supported Pt-on-Pd nanoparticles at 20 wt
% loading of metals. The Pt-on-Pd nanoparticles were still evenly
distributed on carbon supports without obvious sintering or growth
of particles after thermal treatment. HR-TEM study and EDX maps
show the particle-on-particle morphology and elemental distribu-
tions remained largely intact (Figure 1g and Figure S4a—c). The
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Figure 2. (a) CV, (b) hydroxyl surface coverage (®opy), () ORR
polarization curves, and (d) specific kinetic current densities (i) for carbon-
supported Pt-on-Pd and Pt catalysts.

PXRD diffraction peaks became slightly sharper than before (Figure
S4d), indicating an improvement in crystallinity.

Figure 2 shows the electrochemical properties of carbon-
supported Pt-on-Pd heteronanostructure and Pt reference catalysts
(E-TEK, 20 wt % Pt, diameter: 2.5 nm) (See Supporting Information
for details). The electrochemical surface area (ECSA) for the Pt-
on-Pd catalyst was found to be 37.3 m?*/g metal (or 44.5 m%/g Pr)
based on the cyclic voltammetry (CV) data (Figure 2a). Well-
defined chemical adsorption peaks of hydrogen on different Pt low-
index surfaces became less definable for the Pt-on-Pd catalyst. The
incorporation of Pd also greatly altered the ability to absorb
hydroxyl species (OH,4, E > 0.6 V) (Figure 2b). Both the onset
and peak potentials for the Pt-on-Pd catalyst had positive shifts in
comparison with pure Pt on the backward sweep, suggesting the
fast hydroxyl desorption from the Pt-on-Pd surfaces. The ORR tests
were conducted in Os-saturated HClO4 aqueous solutions at an
ECSA of 2.0 cm? for all catalysts on a glass carbon electrode (GCE).
Figure 2c shows the polarization curves for both carbon-supported
Pt-on-Pd and pure Pt catalysts. The Pt-on-Pd catalysts exhibited a
more positive on-set potential and higher activity than the pure Pt
nanoparticles. The area-specific current density (i), which represents
the intrinsic activity of the catalysts and calculated using
Koutecky—Levich equation,'> was 307 uA/cm? Pt at 0.9 V for the
Pt-on-Pd nanostructures and nearly doubled that for the Pt catalyst
(166 uA/cm? metal) (Figure 2d). These results agreed well with
those reported for Pt skin layers on Pd surfaces.® The adsorbed
OH,q species has a negative impact on the ORR and low OH,
coverage on the surface of Pt-on-Pd catalysts helps improve the
kinetics, thus enhancing the activities.>*

The long-term stability of the Pt-on-Pd catalyst was evaluated
by applying linear potential sweeps between 0.6 and 1.0 V based
on an established procedure.’®® After 30 000 cycles, Pt-on-Pd
catalysts lost ~12% of the initial ECSA (Figure 3a) and showed a
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Figure 3. CV and ORR polarization curves for carbon-supported (a, b)
Pt-on-Pd and (c, d) Pt catalysts before and after 30 000 cycles.

small degradation of 9 mV in the half-wave potential (Figure 3b).
The particle-on-particle morphology, size, and even composition
remained after the accelerated tests (Figure S5). In sharp contrast,
the degradation of Pt catalyst was quite serious, with a loss of 39%
of the initial ECSA and a large decrease of 35 mV in the half-
wave potential after the test (Figure 3c—d). The Pt nanoparticles
also experienced a dramatic growth in diameter after the cycles,
changing from 2.5 to 3.9 nm (Figure S6). The much improved
stability thus could be due to the favored interfacial structures
between Pt and Pd supports, as well as the larger than usual overall
particle size of Pt-on-Pd nanostructures, which prevented the small
Pt from dissolution in the ORR. This platinum-on-metal architecture
provides a new design strategy for making hydrogen fuel cell
cathode catalysts with both excellent activity and stability.
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