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ABSTRACT: Exploring superior catalysts with high catalytic activity
and durability is of significant for the development of an electro-
chemical device involving the oxygen reduction reaction. This work
describes the synthesis of Pt-on-Pd bimetallic heterogeneous
nanostructures, and their high electrocatalytic activity toward the
oxygen reduction reaction (ORR). Pt nanoclusters with a size of 1−2
nm were generated on Pd nanorods (NRs) through a modified Cu
underpotential deposition (UPD) process free of potential control
and a subsequent surface-limited redox reaction. The Pt nanocluster
decorated Pd nanostructure with a ultralow Pt content of 1.5 wt %
exhibited a mass activity of 105.3 mA mg−1 (Pt−Pd) toward ORR,
comparable to that of the commercial Pt/C catalyst but 4 times higher
than that of carbon supported Pd NRs. More importantly, the carbon
supported Pt-on-Pd catalyst displays relatively small losses of 16% in
electrochemical surface area (ECSA) and 32% in mass activity after 10 000 potential sweeps, in contrast to respective losses of 46
and 64% for the commercial Pt/C catalyst counterpart. The results demonstrated that Pt decoration might be an efficient way to
improve the electrocatalytic activity of Pd and in turn allow Pd to be a promising substitution for commercial Pt catalyst.

KEYWORDS: electrocatalyst, heterogeneous nanostructure, oxygen reduction reaction, platinum, underpotential deposition

■ INTRODUCTION

The development of highly efficient catalysts for the oxygen
reduction reaction (ORR) is still challenging due to the
complication of its kinetics process and the severity of the real
application environment.1,2 Multimetallic heterogeneous nano-
structures have attracted increasing interest in a wide range of
applications, especially in the catalytic field, such as organic
catalysis,3−5 photocatalysis,6 and electrocatalysis.7−9 Owing to
the novel electronic and synergy effect at the well-defined
multimetallic interface, such heterostructural catalysts usually
outperform the counterpart alloys or monometallic compo-
nents.10−13 More recently, some noble metals such as Pt can
obtain ultrahigh utilization at low loading amount by fabricating
a Pt-rich skin/shell on heterogeneous catalysts,14−17 especially
quasi-one-dimensional nanostructures.18−23 The lattice strain
and adsorption behaviors of the surface Pt atoms would be
greatly influenced by the core constituents,24 resulting in the
emergence of synergy effect.25 Accordingly, most of the work
was devoted to the influence of Pd core on the catalytic activity
of Pt shell.5,17,18,26−28 It is noteworthy that the catalysis of Pd

toward ORR has been recognized and the activity has been
greatly improved by alloying with transitional metals or
tailoring the exposed facets.29−34 However, little work has
been dedicated to the variation of Pd catalysis affected by Pt
shell, mainly because the previously reported Pt-on-Pd
structures had very high Pt content and the surface was nearly
completely covered by Pt. Another important issue about Pd
catalysts is the inherent poor durability in acid solution
associating with the low redox potential of Pd (0.915 V). If the
catalytic activity and durability of Pd could be enhanced by Pt
decoration with very low Pt content, it would open another
avenue for expanding the real application of Pd catalysts.
Although different techniques, such as one-pot synthesis,35

controlled galvanic replacement approach,7 and seed-mediated
growth,36 have been applied to prepare such heterogeneous
structures, there are still limitations originating from the
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complex architectures or constituents. Therefore, developing a
facile approach for producing nanoparticles with tailored
heterostructures at the atomic level is always a challenge in
nanoscience.37

Underpotential deposition (UPD) has been used to generate
Pt catalytic monolayers for ORR, which involved a formation of
Cu UPD layers due to the difference in work function and the
subsequent surface-limited galvanic replacement reaction with
Pt.26,38,39 The value of UPD layers is a viability of atomic level
control for the heterostructure. However, exterior power
sources, functioning as electron providers and potential
controllers, are necessary for the UPD process. Besides the
use of exterior power sources, the core substrates should be
supported on the conducting electrode to facilitate the electron
flow from the exterior power sources to the adsorbed Cu2+;
therefore the final product is restricted to a relatively small
amount.40,41 The UPD effect has been used to direct the
growth of some special nanocrystals with high index facets in
seed-mediated approaches.16,42−46 Generally, the concentration
of the chemical reductants in the bulk solution was too low to
reduce Ag+ or Cu2+. However, the adsorbed Ag+ or Cu2+ on Au
surface could be reduced at less negative redox potentials due
to the larger difference in work function, e.g., UPD
reduction.47−49 In other words, Ag+ or Cu2+ could be reduced
by chemical reductants with slightly lower concentra-
tions.16,45,46,50 All the work suggests the possibility of operating
UPD in solution phase independent of exterior power sources.
Herein, we demonstrated a facile approach for fabricating a

bimetallic heterogeneous structure consisting of ultrathin Pt
nanoclusters on Pd nanorods (NRs) (Pt-on-Pd). The method
involves generating Cu UPD layers on Pd NR surface and
followed by surface-limited redox reaction (Figure 1). The Cu
UPD layers were generated by reducing Cu2+ on Pd surface
with L-ascorbic acid through a modified UPD process. Briefly, a
solution was prepared in advance by mixing CuSO4 with L-
ascorbic acid at a higher concentration and leaving it
undisturbed overnight (Figure 1a). Cupric ions were reduced
by L-ascorbic acid gradually until the apparent redox reaction
stopped. The supernatant was collected for the following use as
UPD solution, in which the concentration of the remaining
ascorbic acid was too low to reduce the rest of the cupric ions
in the bulk solution. After dispersing Pd NRs into the UPD
solution, similar to the case in seed-mediated growth of high
index faceted Au−Pd alloys, the adsorbed Cu2+ on the Pd NR
surface could be reduced by ascorbic acid due to the UPD effect

(Figure 1b). The Cu UPD layers were finally replaced with Pt
via the galvanic replacement process (Figure 1c).
In contrast to the conventional UPD process that involves

exterior power sources and conducting support, Cu was UPD
reduced by L-ascorbic acid in solution phase in the present
approach, which can be potentially scaled to large production.
Meanwhile, the termination of the surface redox reactions and
the ultimate coverage of the UPD layer in the present modified
UPD process will be very different from the previously
produced heterostructures.49,51,52 As an example for the present
approach, a uniform Pt submonolayer was successfully built
onto the Pd nanorods. Different from the previously reported
Pt-on-Pd nanostructures, the present Pt submonolayer
consisted of 1−2 nm nanoclusters with a very low content of
1.5 wt %. The superior catalytic performances of the Pt-on-Pd
heterostructures were demonstrated by electrochemical catalyz-
ing ORR and the durability test in HClO4 solution.

■ EXPERIMENTAL SECTION
Synthesis of Pd Nanorods. Pd nanorods were prepared by a

reported method with some modification.53 Typically, palladium(II)
chloride (PdCl2, AR, Sinopharm Chemical Reagent Co. Ltd., 18.0 mg),
polyvinylpyrrolidone (PVP, MW = 30 000, Sinopharm Chemical
Reagent Co. Ltd., 800 mg), and sodium iodide (NaI, AR, Sinopharm
Chemical Reagent Co. Ltd., 300 mg) were dispersed in 12.0 mL of
deionized water. After forming a homogeneous dark red solution, the
solution was sealed in a 25 mL Teflon-lined stainless-steel autoclave
and then heated at 210 °C for 150 min. The products were finally
precipitated with isopropanol and washed with ethanol at least five
times.

Modified UPD for Cu layers on Pd NRs (Cu-on-Pd).
Copper(II) sulfate pentahydrate (CuSO4·5H2O, AR, Sinopharm
Chemical Reagent Co. Ltd., 250 mg) and L-ascorbic acid (AR,
Sinopharm Chemical Reagent Co. Ltd., 264 mg) were dissolved in 50
mL of degassed deionized water, respectively. UPD solution was
prepared by mixing these two solutions together in a 200 mL flask and
sat undisturbed overnight at room temperature. During this time Cu
was reduced and slowly precipitated at the flask bottom until the redox
reactions between Cu2+ and ascorbic acid apparently stopped. A 10 mg
sample of Pd NRs was then dispersed into 50 mL of the UPD
supernatant and kept at room temperature for 3 h. Cu was deposited
onto Pd NR surface with L-ascorbic acid at underpotential condition.
The Cu-on-Pd nanoparticles were washed with degassed deionized
water five times. UV−vis measurement was used to detect the
existence of L-ascorbic acid in centrifugate solution. The UV−vis
spectra in the wavelength range from 200 to 800 nm were detected,

Figure 1. Illustration of the formation of Pt-on-Pt heterogeneous structure. (a) Cu2+ was reduced by ascorbic acid in the bulk solution. (b) Pd NRs
were dispersed into the supernatant of (a), in which Cu2+ was reduced by ascorbic acid and deposited on Pd NR surface due to the UPD effect. (c)
The Cu UPD layers were replaced by Pt via galvanic replacement reaction.
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and the responses at 264 nm were used to compare the variation of L-
ascorbic acid concentrations.
Formation of Pt Clusters on Pd NRs (Pt-on-Pd). The Cu-on-Pd

nanoparticles were then dispersed into 50 mL of potassium
chloroplatinite (K2PtCl4, AR, Aladdin Chemical Reagent Co. Ltd.,
0.1 mM) for 30 min. The Cu UPD layers were replaced with Pt. The
final product was washed with deionized water five times.
Structural Characterization. Transmission electron microscopy

(TEM) and high-resolution transmission electron microscopy
(HRTEM) micrographs of Pd NRs and bimetallic Pt-on-Pd particles
were taken on a JEM-2100 TEM equipped with energy-dispersive X-
ray analysis (EDXA). Powder X-ray diffraction (PXRD) of Pd NRs,
Cu-on-Pd particles, and Pt-on-Pd particles were recorded on an X’Pert
PRO MPD (Panalytical) system with a Cu Kα X-ray source (λ =
1.5405). Scanning transmission electron microscopy (STEM) micro-
graphs of Pt-on-Pd were taken on a Tecnai G2 F30 S-TWIN, equipped
with a high-angle annular dark-field (HAADF) detector. X-ray
photoelectron spectroscopy (XPS) of Pt-on-Pd was performed on
an ESCALAB 250Xi system; binding energies (BEs) were calibrated by
setting the C 1s peak to 284.8 eV. The metal compositions were
determined by a Bruker ICP-MS (M90) system. The catalyst loading
amounts on carbon black were measured by thermogravimetric
analysis (TGA) on a STA449F3 (METZSCH).

Preparation of Catalyst Ink and Working Electrode. To
obtain carbon supported catalysts, a mixture solution of 5 mL of
ethanol and 5 mL of chloroform consisting of 8 mg of carbon black
(Cabot, Vulcan XC-72) and 2 mg of metallic catalysts (Pd NRs or Pt-
on-Pd NRs) were ultrasonicated for 60 min and magnetically stirred
for 3 h. The carbon supported catalysts were collected by centrifuge
and dried for use. For homemade Nafion solution, 4 mL of deionized
water, 1 mL of isopropanol, and 25 μL of Nafion (Sigma-Aldrich, 5 wt
%) were mixed together and stirred to form a homogeneous solution.
Then 5 mg of Pd NRs/C, Pt-on-Pd NRs/C, and commercial Pt/C
(Johnson Matthey, 20 wt %) and 10 mg of commercial Pd/C (Sigma-
Aldrich, 10 wt %) catalysts were dispersed into 5 mL of homemade
Nafion solution, respectively. The working electrode was a glassy-
carbon rotating disk electrode (RDE; Pine Instruments, 0.196 cm2). A
20 μL volume of catalyst ink was dropped onto the working electrode
with a pipet and dried in air flow; the metallic catalyst amount on the
electrode was 4 μg.

Electrochemical Measurements. All the electrochemical meas-
urements were carried out on an Autolab potentiostat/galvanostat
(PGSTAT-302N) workstation in a three electrode cell at room
temperature. A pure platinum foil with an area of 1.0 cm2 was used as
counter electrode. A saturated calomel electrode (SCE) in a separate
compartment was used as reference. All the potentials in this paper

Figure 2. TEM and HRTEM images of Pd NRs. (a and b) TEM images of the as-made Pd NRs at different magnifications. (c) HRTEM image of the
Pd rod. Inset of (a) is histogram for diameter distribution; inset of (c) is the corresponding FT pattern.
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were corrected to the reversible hydrogen electrode (RHE). Cyclic
voltammetry (CV) curves were recorded in argon-saturated 0.1 M
HClO4 (Sinopharm Chemical Reagent Co. Ltd.) in the potential range
of 0.05−1.2 V with a sweep rate of 50 mV s−1. Before each test, the
electrode was pretreated by carrying out CV until a stable curve was
obtained. CO stripping was performed as the following procedure: In
an argon-saturated 0.1 M HClO4 solution, the working electrode was
maintained at 0.05 V for 40 min, during which CO was bubbled in the
first 20 min to absorb CO on the catalyst surface; argon was then
bubbled in the remaining 20 min to drive CO out of the solution
completely; a linear potential scan was then carried out from 0.4 to 1.2
V at a sweep rate of 50 mV s−1 with argon bubbling. ORR polarization
curves were recorded in oxygen-saturated 0.1 M HClO4 solution from
0 to 1.1 V with a sweep rate of 10 mV s−1 and a rotation rate of 1600
rpm. The accelerated durability test (ADT) was performed in the CV
pattern from 0.6 to 1.1 V for 10 000 cycles with a sweep rate of 50 mV
s−1 in oxygen-saturated 0.1 M HClO4 solution.
The electrochemical surface area (ECSA) was evaluated by

integrating the charge associated with the CO stripping. The
electrooxidation of COad monolayer on the catalyst surface was
assumed to be 420 μC cm−2.54,55

The specific activity (ia) and mass activity (im) for ORR were
calculated based on the ORR polarization curves. The kinetic current
(ik) can be calculated by the Koutecky−Levich equation:

= +i i i1/ 1/ 1/d k (1)

where id is the diffusion-limiting current.

=i i m/m k (2)

=i i /ECSAa m (3)

■ RESULTS AND DISCUSSION
Structure Characterization. Pd NRs were prepared via

the reduction of PdCl2 with PVP in the presence of NaI.53

Transmission electron microscopy (TEM) images of the
product at different magnifications are shown in Figure 2.
Figure 2a displays an overview of the product, which consists of
uniform nanostructures with rod shapes. The nanorods (NRs)
have an average diameter of 15 nm (inset of Figure 2a) and
lengths in the micrometer range up to 3 μm (see the
Supporting Information, Figure S1). The HRTEM image
(Figure 2b) demonstrates that the Pd rods have a smooth
surface and uniform diameter along the rods. The planes with
interplanar spacings of 0.226 and 0.224 nm shown in Figure 2c
are highly consistent with the (111) plane of the Pd NR surface
structure.56 The corresponding Fourier transform (FT) pattern
reveals that the produced Pd NRs are twinned structure (inset
of Figure 2c), which was also evidenced by the selected area
electron diffraction (SAED) characterization results (Support-
ing Information, Figure S2).56

Pt-on-Pd bimetallic heterostructure was fabricated on the Pd
NRs through the present modified Cu UPD and the
subsequent galvanic replacement reaction (see the Experimen-
tal Section for details). TEM was applied to study the structures
and crystallization of the formed materials. Typical TEM
images (Figure 3a,b) demonstrate that a number of small
clusters had grown onto the Pd NRs at multiple sites evidenced
as the dark points. The clusters are 1−2 nm in size with
irregular shape. Based on energy-dispersive X-ray spectroscopy
(EDS) analysis, the small clusters were determined to be Pt
(inset of Figure 3a). The Cu signal was mainly from the TEM
grid. High-resolution TEM (HRTEM) images of the circled
regions in Figure 3b show some concave−convex edges due to
the growth of Pt clusters (Figure 3c,d). In comparison with
Pd(111) with an interplanar spacing of 0.226 nm, a slightly

larger interplanar spacing of 0.230 nm could be assigned to the
Pt(111) surface.57 The lattice fringes coherently extended from
the body of Pd rod to the convex clusters, implying the epitaxial
growth of Pt clusters with a very high degree of crystallinity.
The epitaxial growth has been reported in conventional UPD
method,51,58 which might provide extra stability against Pt
nanoparticles’ ripening and aggregation. Additionally, the
epitaxial growth of Pt on Pd might form compressive strain
due to the lattice mismatch, which was demonstrated to weaken
the adsorption of oxygenated species, resulting in enhanced
catalytic performance toward ORR.26,28,59 It should be noted
that the Pt-on-Pd surface is quite rough and many atomic steps
are exposed as indicated by the arrows in Figure 3c,d. These
open surface atomic arrangements have demonstrated high
catalytic activity.5

Dispersion of Pt clusters was further characterized by high-
angle annular dark-field (HAADF) STEM. The images in
Figure 4 show the intense bright contrast near the surface,
indicating the existence of a heavier element, i.e., Pt (Z = 78)
on the Pd (Z = 46) NR surface. The Pt clusters are highly
dispersed over the entire surface of the Pd NRs with an
approximate size of ∼2 nm, which is consistent with the
HRTEM results. The EDS mapping in Figure 4b also shows the
Pt and Pd distribution on the bimetallic heterostructure. Both
TEM and STEM analyses confirmed the formation of Pt
clusters on Pd NR surface. Because of the strong surface
energy, Pt preferentially formed stable structures such as
clusters or island on the core substrates,5,6 which might possess
more durability in applications. The overall weight percentage
of Pt in our Pt-on-Pd structure is as low as 1.5%, which was

Figure 3. TEM and HRTEM images of Pt-on-Pd NRs. (a) TEM
image of Pt-on-Pd NRs. (b) HRTEM image of the tip region of one
Pt-on-Pd rod. (c) and (d) are the enlarged images of the circled
regions of (b). Inset of (a) is the TEM−EDS spectrum of Pt-on-Pd
NRs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04021
ACS Appl. Mater. Interfaces 2015, 7, 17162−17170

17165

http://dx.doi.org/10.1021/acsami.5b04021


determined by inductively coupled plasma mass spectrometry
(ICP-MS) measurements. To the best of our knowledge, this is
the lowest Pt content ever reported in this kind of Pt-on-Pd
heterogeneous catalyst.21,25,57

It should be note that our Pt-on-Pd heterostructure is very
different from the reported either Pt monolayer or Pt dendrites
on Pd cores. Most of the reported nanostructures had high Pt
content and nearly fully covered Pt surface.5,17,18,21−23,57,60 In
contrast, the present Pt-on-Pd structure has ultralow Pt content
and most of the Pd surface is still exposed. Thus, the present
heterogeneous structure should be better described as Pt
nanocluster decorated Pd NRs.
The formation and sacrifice of Cu UPD layers was verified by

X-ray diffraction (XRD) characterizations. In XRD spectra, the

weak peaks at 36.5, 43.5, 50.6, and 73.8° indicate the existence
of Cu on Pd NRs after the modified UPD process (Supporting
Information, Figure S3). While no peaks can be indexed to Cu
in Pt-on-Pd XRD spectra, this implies that most Cu
constituents were replaced by Pt. There must be cuprous
oxide or copper oxide formed in the sacrificial Cu layer because
of the exposure in air. The possible remaining copper oxide in
Pt-on-Pd that cannot be detected by XRD might be due to the
ultralow content or the poor crystallization, which can be
determined by an XPS test. Figure S4a in the Supporting
Information shows the overview X-ray photoelectron spectros-
copy (XPS) spectra of Pt-on-Pd; the peaks of Pd, Pt, and Cu
can be observed clearly. Figure S4b,c in the Supporting
Information shows the high resolution scans of Pd 3d and Pt 4f
verifying the presence of Pt on Pd surface. The energy binding
peak at 932.28 eV can be assigned to Cu 2p3/2 (Supporting
Information, Figure S4d).50

It is noted that the Cu UPD treatment is essential for the
formation of Pt clusters. No Pt clusters formed on the Pd NRs
without involving CuSO4 in the preparation procedure
(Supporting Information, Figure S5). Isolated Pt nanoparticles
were produced by dispersing Pd NRs into the solution with low
concentrations of K2PtCl4 and ascorbic acid (Supporting
Information, Figure S6).
In distinction to conventional UPD process, the modified

UPD is free of exterior power sources and in favor of large
scale. In addition, complete Pt-on-Pd nanoparticles can be
obtained because conducting support is not necessary.

Electrochemical Performance. Electrocatalytic properties
of the Pt-on-Pd were benchmarked toward ORR against
commercial Pt/C catalyst. Cyclic voltammetry (CV) tests can
provide powerful information on the surface compositions and
structures. Figure 5a shows CV curves of Pt-on-Pd/C, Pd NRs/
C, commercial Pt/C, and Pd/C catalysts. All the samples
containing Pd exhibit two distinct peaks associated with Hupd
adsorption (<0.4 V) and Pd(OH)2 reduction (>0.6 V) in the
cathodic scan. In comparison with Pd/C and Pd NRs/C, Pt-on-
Pd/C shifted its Pd(OH)2 reduction peak to a slightly higher
potential due to the covering of Pt clusters. Moreover, in
comparison with Pd NRs/C, Pt-on-Pd/C presents more
reversible Hupd adsorption/desorption peaks at ∼0.05 V,
suggesting the existence of ordered Pt surface structures.27

CO stripping behavior was determined by comparing the first
and second linear voltammetry curves (Figure 5b). Compared
with Pd NRs/C, Pt-on-Pd/C displayed a negative shift in the
CO peaks. All the results are highly consistent with the
reported properties of Pt-on-Pd nanostructure.27 These
characteristic peaks of Pt-on-Pd/C are still different from
those of Pt/C catalyst, which might be due to the ultralow Pt

Figure 4. STEM images and EDS mappings of Pt-on-Pd
heterostructure. (a) STEM image of Pt-on-Pd NRs. (b) STEM
image and corresponding EDS mappings of Pd and Pt. The scale bars
in EDS mappings are 20 nm.

Figure 5. Electrochemical measurements results. (a and b) CV and CO stripping curves of Pt-on-Pd/C, Pd NRs/C, commercial Pt/C, and Pd/C
catalysts. The current (i) was magnified 10 times to be shown clearly. (c) ORR polarization curves of Pt-on-Pd/C, Pd NRs/C, and commercial Pt/C.
The inset is the mass activities comparison.
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content and the still exposed Pd surface. Before each
electrochemical measurement, a pretreatment of CV cycling
was performed until stable CV curves were obtained. The
reported nanowires with Pt shell/skin and their ECSAs are
compared in Table S1 in the Supporting Information. Pt-on-
Pd/C (57.5 m2 g−1) displayed 14.3% higher ECSA than that of
Pd NRs/C (50.3 m2 g−1) due to the formation of Pt clusters.
Note that ECSA of Pt-on-Pd/C is still smaller than that of Pt/C
(64.8 m2 g−1), perhaps due to their relatively large overall
particle size (Supporting Information, Table S2).
The ORR polarization curves of Pd NRs/C, Pt-on-Pd/C, and

commercial Pt/C are shown in Figure 5c. All the catalysts
displayed two distinct regions of diffusion-limiting (below 0.6
V) and mixed kinetic diffusion (0.6−1.0 V). The polarization
curve of Pt-on-Pd/C was very close to that of Pt/C. Pt-on-Pd/
C had a half-wave potential (E1/2) of 0.862 V, which was very
comparable to that of Pt/C (0.868 V) and much higher than
that of Pd NRs/C (0.823 V). The kinetic current densities at
0.9 V were calculated by correcting the mass transport
according to the Levich−Koutecky equation, and normalized
with respect to both ECSA and the loading amount of metallic
catalysts (Supporting Information, Table S2). Pt-on-Pd/C
(0.183 mA cm−2) displayed a specific activity (ia) nearly 4 times
that of Pd NRs/C (0.052 mA cm−2) and comparable to that of
Pt/C (0.188 mA cm−2). Pt-on-Pd/C also showed a high mass
activity of 105.3 mA mg−1, which was 85.6% that of Pt/C
(122.00 mA mg−1) and 4 times greater than that of Pd NRs/C
(26.19 mA mg−1) (Figure 5c). Pt-on-Pd/C shows comparable
to but slightly lower activity than that of Pt/C in terms of
specific and mass activities. The previously reported Pt-on-Pd
heterogeneous nanostructures presented much higher catalytic
activity over Pt/C catalyst mainly due to the high Pt content,
and the catalytic performances of Pt were enhanced by the
cooperation with Pd.5,21,26 While the present Pt-on-Pd catalyst
is Pt decorated Pd catalyst with ultralow Pt content, the main
catalytic activity still comes from the Pd surface.
If the Pt nanoclusters on the Pd NRs/C were solely taken

into account, Pt-on-Pd/C (7010 mA mgPt
−1) exhibited an

extraordinary improvement factor of 57 versus commercial Pt/
C catalyst (Supporting Information, Table S2). This high
performance has not been reported, though the ultrahigh
catalytic performance of Pt nanoclusters has been demon-
strated.24,61 Meanwhile, considering the low Pt coverage (see
TEM and STEM analysis) and the ultralow Pt content (1.5 wt
%), the exposed Pd surface must also contribute to the
electrocatalysis. If we simply add the activities of Pt and Pd
together, the mass activity (122·1.5% + 26.19(1 − 1.5%) =
27.62 mA mg−1) is much lower than that of Pt-on-Pd/C (105.3
mA mg−1). According to the above discussion, the catalytic

performance of Pt-on-Pd/C is more rational to be originated
from the Pd catalytic surface enhanced by the decoration of Pt
clusters. Thus, the catalytic surface is very different from the Pt
monolayer or the thick Pt shell.5,9,21,26,60

Accelerated durability test (ADT) was performed for 10 000
cycles. After 5000 cycles, the CV and ORR polarization curves
show no obvious change in comparison with the initial CV and
ORR curves (Figure 6a). After cycling for up to 10 000 cycles,
Pt-on-Pd/C only lost 16% of the initial ECSA value, while in a
vast contrast Pt/C displayed a loss of 45.6% because of the
dissolution of Pt surface atoms and agglomeration of Pt
particles through surface oxidation/reduction processes (Sup-
porting Information, Figure S7, Table S2).62−64 Pt-on-Pd/C
displays only about 19 and 32% losses of initial ia and im values
(Figure 6c, Table S2 in the Supporting Information). However,
the commercial Pt/C catalyst degraded badly: about 34% for ia
and 64% for im (Supporting Information, Figure S8, Table S2).
It should be noted that the degradation of catalyst is highly
related to the experimental details. In comparison with the
present work, the commercial TKK Pt/C catalyst previously
displayed smaller losses in ECSA and mass activity after a
different durability test, which included 7200 sweeps of
potential cycling from 0.6 to 1.0 V in a rectangular wave
pattern.2 No obvious change can be observed from TEM
images of carbon supported Pt-on-Pd and Pd NRs catalysts
before and after duration cycling (Supporting Information,
Figures S9−S11). The rapid deterioration of Pt/C is perhaps
caused by Pt nanoparticles’ ripening and aggregation
(Supporting Information, Figure S12).2 The above results
evidently revealed the better durability of Pt-on-Pd, perhaps
thanks to the epitaxial growth of Pt on Pd surface, which
provide enhanced stability against ripening and aggregation.5,57

■ CONCLUSION
In summary, we reported a modified UPD approach for
synthesizing heterostructural Pt-on-Pd electrocatalyst featuring
highly distributed Pt nanoclusters covering Pd NRs. This
approach takes place in an aqueous phase free of potential
control and conducting support, which differentiates it from the
conventional UPD method. The Pt-on-Pd catalyst exhibits
excellent electrocatalytic performance. A typical example, the
Pt-on-Pd catalyst displayed a mass activity as high as 105.3 mA
mg−1 at 0.9 V for ORR with a Pt content as low as 1.5 wt %. In
addition to the high intrinsic mass activity, the present Pt-on-Pd
catalyst showed remarkable durability in acid media. These
electrochemical results demonstrate that the reported hier-
archical Pt-on-Pd is a desirable substitution for Pt with low cost
toward ORR. The decoration of Pt nanoclusters might also be
expanded to enhance the catalytic activity of Pd(110) and

Figure 6. Duration test results. (a and b) CV and ORR polarization curves of Pt-on-Pd/C catalyst at different stages in duration test. (c) Comparison
of Pt-on-Pd/C and Pt/C in terms of mass activity.
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Pd(100) surfaces, which show intrinsically higher catalysis than
that of Pd(111).29,30,32,65 The method reported here also shows
the potential in scalable production of bimetallic or multi-
metallic heterostructures with unique surface atomic arrange-
ment and electronic properties resulting in enhanced catalytic
performance.
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