
Surface Evolution of PtCu Alloy Shell over Pd
Nanocrystals Leads to Superior Hydrogen
Evolution and Oxygen Reduction Reactions
Mingjun Bao,†,⊥ Ibrahim Saana Amiinu,†,⊥ Tao Peng,‡ Wenqiang Li,† Shaojun Liu,† Zhe Wang,†

Zonghua Pu,† Daping He,*,†,§ Yuli Xiong,*,∥ and Shichun Mu*,†

†State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan
430070, China
‡Department of Civil and Environmental Engineering, University of Windsor, 401 Sunset Avenue, Windsor, Ontario N9B 3P4,
Canada
§Hubei Engineering Research Center of RF-Microwave Technology and Application, Wuhan University of Technology, Wuhan
430070, China
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ABSTRACT: Pt-based electrocatalysts are by far the most effective
for the hydrogen evolution reaction (HER) and oxygen reduction
reaction (ORR), but they still suffer from high cost and insufficient
overall performance. Improving Pt utilization via alloying or by
forming core@shell structures is important for enhancing Pt
activity and overall electrocatalytic performance. Herein, we report
a simple seed-mediated method for synthesizing a dodecahedral
PtCu alloy atomic shell on Pd nanocrystals. Significantly, such a
Pd@PtCu nanocomposite with unique core@alloy-shell structure
achieves a 25-fold and 6-fold enhancement of mass activity for
HER and ORR, respectively, compared with the commercial Pt/C
catalyst in acid media. Moreover, the unique Pd@PtCu catalyst
shows only 1.0 mV increase in overpotential at 10 mA cm−2 after
10 000 cycles for HER and almost no activity decay after 5 000 cycles for ORR, indicating the high endurance of Pd@PtCu
in the electrochemical environment.

Currently, both the electrocatalytic hydrogen evolution
reaction (HER) for hydrogen generation via water
splitting and the oxygen reduction reaction (ORR) at

the cathode for polymer electrolyte membrane fuel cells
(PEMFCs) are highly important catalytic processes for clean
and renewable energy conversion devices.1−3 Although
tremendous efforts have been taken to find alternative catalyst
materials, hitherto, Pt-based electrocatalysts are still the best
commercial catalyst for both electrochemical reactions.
However, the high cost, low Pt utilization, and insufficient
durability of such Pt-based electrocatalysts remain as the major
bottlenecks for their commercialization and widespread
applications.4−6 Therefore, the development of renewable
electrocatalysts with decreasing Pt usage and high performance
for HER and ORR is urgently desired to achieve cost-effective
energy conversion.
The core@shell nanostructure with ultrathin Pt shell has

been widely reported as a suitable strategy for decreasing the

content of scarce Pt, as well as boosting the electrocatalytic
efficiency. In particular, when Pt is deposited on a substrate
metal to form a Pt shell structure, lattice expansion or
compression may occur because of the lattice mismatch
between Pt and the substrate. For instance, a tensile strain
occurs when Pt is deposited on Au substrates, while a
compressive strain is induced when Pt is deposited on Ru.7

The generated surface strains can affect the surface charge state
and consequently change the binding energy of adsorbates on
Pt, which is important for enhancing the electrocatalytic activity
of Pt catalysts toward both ORR and HER.8−11 Our previous
work has successfully prepared icosahedral Pd@Pt core−shell
and ultrathin Pt-enriched nanocage crystals with improved
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ORR activity via the deposition of well-controlled Pt layers on
Pd icosahedral seeds.12 Xiong et al. reported that the surface
polarization of Pt on Pd can improve the HER performance.13

On the other side, alloying Pt with another less expensive metal
is another effective way to reduce Pt usage. Substantial works
have been done on Pt−M (usually transition metals) alloys
such as Pt−nickel (Pt−Ni), Pt−cobalt (Pt−Co), Pt−iron (Pt−
Fe), and Pt−copper (Pt−Cu), with well-controlled structure
and morphology, which exhibit enhanced activity and durability
as electrocatalysts for ORR and HER.14−19 Considering the
critical role of the Pt shell in the core@shell structure catalysts
and the need to further decrease the Pt amount, developing a
Pt−M alloy shell instead of a single-component shell for
activating electrocatalysis may have more advantages, although
this is still a big challenge.
In this work, we designed and synthesized a dodecahedral

Pd@PtCu nanocrystal with a core@alloy-shell structure by a
simple seed-mediated approach. Owing to the synergistic effect
between Pt and Cu, as well as the high utilization efficiency of
Pt in the PtCu alloy shell, the dodecahedral Pd@PtCu core−
shell nanocrystal shows both superior HER and ORR catalytic
activity and stability in comparison with commercial Pt/C. This
work not only reveals the effect of the Pd substrate but also
highlights the significant effect of the PtCu alloy shell on both
HER and ORR catalytic activity.
The synthesis routes of Pd@PtCu and Pd@Pt nanocrystals

are illustrated in Figure 1. Generally, the synthesis of Pd@PtCu

and Pd@Pt involves the formation of Pd seeds and PtCu or Pt
coating on the Pd to form a nanoshell (see details in the
Supporting Information). In the synthesis process of Pd@PtCu
nanoparticles, Cu2+ ions are more likely adsorbed at the surface
of the Pd core, then the PtCu alloy will most likely grow along
the {111} crystal surface and finally form a polyhedral structure
instead of a sphere, so the morphology of Pd@PtCu tends to
form a dodecahedral structure in the presence of Cu2+ and Cl−

because of the selective adsorption processes.20−24 Figure S1 is
the high-resolution transmission electron microscopy
(HRTEM) image of Pd seeds which were used as the seed
for Pt and Cu deposition in the formation of Pt@Pd and Pd@
PtCu core−shell structures. For Pd@Pt nanoparticles (Figure
S2), the lattice of Pt is very close to that of Pd, so the growth of
the Pt shell follows the epitaxial growth of the Pd core.
From Figure 2a−c, it can be observed that Pd@PtCu

nanoparticles have a very uniform particle size distribution
(around 15 nm, Figure S3) with a universal dodecahedral
structure. Panels d and e of Figure 2 are the top and frontal
views, respectively, of the atomic resolution HRTEM images of
a Pd@PtCu nanoparticle, with corresponding models displayed
in the insets for comparison, which show the characteristic

lattice fringe of the dodecahedral. Figure 2f shows the
magnified TEM images and the corresponding fast Fourier
transforms (FFTs) of the regions marked by square dotted
lines in Figure 2d,e. The lattice spacing of 0.22 nm can be
indexed to {111} planes of the “PtCu alloy shell”. Because of
the atomic contrast (Z contrast), Pt signals are darker than Pd
signals; therefore, it can be clearly observed that a few layers of
PtCu alloy epitaxially grew on the Pd seed surface to form the
PtCu alloy shell microstructure. The FFT in Figure 2f shows
the [111] and [011] diffractograms for the selected area
marked as 1 and 2, respectively. From the energy-dispersive X-
ray (EDX) mapping (Figure 2g), the signals of Pd and Pt occur
on the core and shell, respectively, while Cu signals exist on
both core and shell, which is mainly because of the Kirkendall
effect.25 The occurrence of this in situ replacement and the
formation of the core−shell structure were further proven by
EDS line scanning (Figure 2h). As shown in Figure 2i, there are
two distinct sets of diffraction peaks for Pd@PtCu that could be
ascribed to the Pd and PtCu alloy, respectively, indicating the
existence of PtCu alloy and the formation of Pd@PtCu core−
shell structure. As determined by inductively coupled plasma−
optical emission spectroscopy measurements, the atomic
percentage of Pt, Pd, and Cu in the Pd@PtCu core−shell
nanoparticles are 12.5, 82.6, and 4.9 at %, respectively, which
also coincides with the result of EDX measurements (Figure

Figure 1. Schematic illustration of the preparation of Pd@Pt and
Pd@PtCu core−shell nanocrystals and corresponding TEM images.

Figure 2. (a) Low-magnification aberration-corrected (AC) TEM
image and (b) HAADF-STEM image of Pd@PtCu core−shell
dodecahedral nanoparticles. (c) High magnification AC-TEM
image of Pd@PtCu core−shell dodecahedral nanocrystals. (d)
Top view and (e) frontal view of the aberration-corrected HRTEM
images of one single Pd@PtCu core−shell dodecahedral nano-
crystal. The insets of panels d and e are the respective top view and
front view models of Pd@PtCu core−shell dodecahedral nano-
particle. (f) Selected area magnification images and FFT of 1 and 2.
(g) HAADF-STEM image of Pd@PtCu core−shell dodecahedral
nanoparticle and EDX mapping (green, Pd; aqua, Pt; and red, Cu).
(h) EDS line scan of Pd, Pt, and Cu along the arrowed line in panel
g recorded from Pd@PtCu core−shell nanocrystal. (i) XRD spectra
of Pd@Pt core−shell nanocrystal, Pd@PtCu core−shell nano-
crystal, and Pt/C [standard PDF card no. Pt (04-0802), Pd (87-
0643), and Cu (04-0836)].
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S4). Furthermore, the surface chemical state and detailed
elemental composition of Pd@PtCu core−shell nanoparticles
were investigated by XPS, which reveals that the surface of Pd@
PtCu nanoparticles is mainly composed of Pt, Pd, and Cu
(Figure S5a). As shown in Figure S5b, we can see that the
binding energies of Pt 4f7/2 and Pt 4f5/2 peaks are 71.1 and 74.5
eV, respectively, which are very close to the Pt (0) (71.0 and
74.4 eV).26 The Pd 3d5/2 and Pd 3d3/2 peaks (Figure S5c) are
located at 335.2 and 340.5 eV, respectively, also near the zero
valence of Pd (335.0 and 340.3 eV).26 By analyzing the XPS
spectra of Pt 4f and Pd 3d, we can find that Pt and Pd mainly
exist in a zero valence state, which is beneficial for catalytic
performance as Pt (0) is much more electroactive than Pt (+2)
and Pt (+4). In Figure S5d, the peaks at 932.0 and 951.8 eV
correspond to the binding energy of Cu (0) 2p3/2 and Cu (0)
2p1/2, while the peaks at 934.0 and 953.1 eV are associated with
the Cu (+2) 2p3/2 and Cu (+2) 2p1/2, respectively, owing to the
unavoidable mild surface oxidation upon exposure to air.27

Above all, the Cu atoms are more reactive than Pt and Pd,
which is beneficial for protecting Pt and Pd elements from
oxidization.
The HER measurements for Pd@PtCu/C, Pd@Pt/C,

commercial Pt/C, and commercial Pd/C catalysts are
summarized in Figure 3. All of the catalysts coated on the

glassy carbon electrodes had the same Pt loading of 15 μg cm−2.
Figure 3a shows the HER polarization curves with iR-correction
in 0.5 M H2SO4 at room temperature by linear sweep
voltammetry at a scan rate of 5 mV/s. From the curves, we
can see that Pd@PtCu/C displays the smallest overpotential
among these four catalysts. At a current density of 10 mA cm−2,
the overpotential of Pd@PtCu/C is only 19 mV versus the
reversible hydrogen electrode (RHE) which is 5 and 12 mV
smaller than that of the Pd@Pt/C counterpart and commercial
Pt/C catalysts, respectively. To investigate the inherent
properties of the catalyst material and the rate-determining

step of the overall hydrogen evolution process, the Tafel slope
was obtained from the HER polarization curves. As shown in
Figure 3b, the calculated Tafel slope of Pd@PtCu is 26.2 mV/
decade, which is much smaller than that of Pd@Pt (30.1 mV/
decade), Pt/C (30.4 mV/decade), and Pd/C (110.5 mV/
decade) catalysts, further evidencing that Pd@PtCu/C has
outstanding HER electrocatalytic properties. The mass activity
at an overpotential of 25 mV for the different electrocatalysts
are presented in Figure 3c. It can be seen that Pd@PtCu/C has
the largest mass activity of 6.6 A mgPt

−1, which is about ∼9 and
∼25 times higher than that of Pd@Pt/C (0.74 A mgPt

−1) and
commercial Pt/C (0.26 A mgPt

−1). The accelerated degradation
test (ADT) in acidic medium was used to probe the stability of
the Pd@PtCu/C catalyst (Figure 3d). After 10 000 cycles, the
Pd@PtCu/C increases by only ∼1.0 mV in overpotential at a
current density of 10 mA cm−2, whereas Pt/C shows an
increase of ∼24 mV.
As shown in Figure S6a, the HER activity and stability in

alkaline media were also probed. We can see that Pd@PtCu/C
also exhibits the best HER activity in alkaline media among the
four catalysts. At the current density of 10 mA cm−2, the
overpotential of Pd@PtCu/C is just 60 mV vs RHE, which is
∼10, ∼19, and ∼42 mV smaller than that of Pd@Pt/C (70
mV), Pt/C (79 mV), and Pd/C (102 mV), respectively. Such a
high HER activity is also superior to that of recently reported
Pt-based catalysts including Pt−Ni,28 Pt−Ag,29 and Pt@
NHPCP,30 as well as other noble or highly active transition-
metal-based HER catalysts (Table S1). Figure S6b presents the
durability test of Pd@PtCu/C and commercial Pt/C catalyst
(inset). Interestingly, after 10 000 cycles of the ADT,
commercial Pt/C shows an increase of overpotential by about
17 mV at the current density of 10 mA cm−2, whereas the Pd@
PtCu/C overpotential rather decreases by ∼7 mV in alkaline
electrolyte. This anomalous increase in HER activity of Pd@
PtCu/C after the ADT can be assigned to gradual etching by
selective attack and erosion of reactive Cu and Pd atoms,
leading to further exposure of more active edges of Pt for HER
kinetic activity.
Density functional theory (DFT) was employed to gain more

in-depth understanding of the high HER activity of the
electrocatalysts (see details in the Supporting Information).
The Gibbs free energy (ΔGH*) for the chemisorption of
hydrogen is well-known to be strongly correlated to the
catalytic HER activity. A very active HER catalyst should
possess a low ΔGH* value close to 0 eV, because a much lower
energy (ΔGH* ≪ 0 eV) slows the hydrogen generation process
owing to strong H*-binding on the catalyst surface or a sluggish
H-releasing step, whereas a too high energy (ΔGH* ≫ 0 eV)
leads to an endothermic proton- or electron-transfer
process.31,32

Herein, the ΔGH* was probed for the catalyts including the
pure active metallic components. The structural models of the
main catalytic phases are displayed in Figure 4a. As shown in
Figure 4b, Pd/C and Pd@Pt alloy display a ΔGH* value of
0.201 and −0.167 eV, respectively. In comparison with the
(111) facets of the metallic counterparts, it can be reaosnably
suggested that the Pd@Pt core−shell structure is significant for
enahncing the HER activiy by further lowering the ΔGH* of Pd.
Interestingly, the Pd@PtCu alloy system displays an even much
lower ΔGH* value (−0.094 eV), which is almost equivalent to
that of Pt(111) (−0.092 eV) and signifcantly closer to the
optimal value of zero than the (111) facet of Pd (−0.198 eV)
and Cu (0.223 eV). This demonstrates that the adsorbed H*

Figure 3. HER electrocatalytic properties: (a) HER polarization
curves of Pd@PtCu/C, Pd@Pt/C, Pd/C and Pt/C, acquired by
linear sweep voltammetry with a scan rate of 5 mV/s in 0.5 M
H2SO4 at room temperature. (b) Tafel plots of catalysts obtained
from the polarization curves in panel a. (c) Mass activity at −0.025
V versus RHE for Pd@PtCu/C, Pd@Pt/C, and Pt/C. (d) Stability
of Pd@PtCu/C versus commercial Pt/C catalyst (inset). The
polarization curves were recorded before and after 10 000 CV
sweeps between +0.05 and −0.15 V in 0.5 M H2SO4 at room
temperature at a scan rate of 5 mV/s.
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binds neither too weakly nor strongly to Pd@PtCu, which is
favorable for promoting high HER activity. The relatively high
ΔGH* value of Cu(111) and Pd/C indicates unfavorable H*-
adsorption, while the lower energy of Pd is due to strong H*-
binding compared to the Pt sites. This demonstrates that Pt is
the main active site for boosting the HER activity of Pd@PtCu.
The DFT analysis is consistent with the experimental results,
and both clearly suggest that the neighboring Cu atoms are
significant for boosting the interaction between adsorbed H*
and Pt atoms, such that they are selectively attacked as
“sacrificial atoms” to the neighboring Pt atoms within the alloy
system, thereby allowing for maximum utilization of Pt on the
Pt−Cu shell as active site for electrocatalytic HER activity.
Furthermore, we probed the density of states (DOS)-based

descriptors to analyze the d-orbital active centers (d-band
center) of the constituent phases (Pt(111), Pd@Pt, and Pt−
Cu) relative to the composite Pd@PtCu system. As displayed
in Figure 4c, the highest peak of active center DOS shifts
toward the Fermi level in the order of Pd@PtCu (−0.34 eV),
Pt(111) (−0.62 eV), Pd@Pt (−0.96 eV), and Pt−Cu (−1.39
eV). The shift to lower energy for the Pd@PtCu coupling can
be attributed to the effect of short-range electronic charge
transfer which contributes to the H*−Pt bond formation,
whereby the hybridization of the adsorbed H* orbital with the
Pt d-orbital induces the lowering of the energy. This results in
good accord with previous observations in which DFT
calculations predict that the activation barrier for the bond
breaking of H* from metal surfaces is the lowest if the d-band
center is at the Fermi level.33 This further indicates that the
sluggish H*-releasing step can be improved by the dual metal
alloy (Pt−Cu) shell on Pd nanocore system (Pd@PtCu) where
the high reactivity of Cu benefits the HER kinetic activity of Pt.
To further demonstrate the suitability of such engineered

alloy structures for broader electrochemical applications, the
ORR activity and stability were also investigated, as displayed in
Figure 5. Figure 5a shows the CV curves, which reveal a more
positive shift of the peak potential for oxygen reduction on the
catalyst surface of Pd@PtCu/C compared to Pd@Pt/C and Pt/
C catalysts in 0.1 M HClO4 solution, indicating that Pd@PtCu/
C has a lower chemisorption energy and, therefore, more

favorable active sites for ORR. Figure 5b shows the LSV curves
in which Pd@PtCu/C also exhibits a substantial positive shift in
both the onset potential and the half-wave potential by
approximately 52 and 56 mV, respectively, as compared to
Pd@Pt/C and Pt/C.
To compare the mass activity of the different catalysts, the

kinetic current was normalized to the Pt loading (15 μg cm−2).
As shown in Figure 5c, at 0.9 V, Pd@PtCu/C has mass activity
of 0.70 A mgPt

−1, which is ∼5 times greater than that of Pt/C
(∼0.14 A mgPt

−1) and ∼4.1 times greater than that of Pd@Pt/
C (∼0.17 A mgPt

−1). At the same time, as shown in Figure 5d,
Pd@PtCu/C owns a high durability. After 5000 cycles, it shows
only ∼2.0 mV degradation in half-wave potential and about
4.8% decline in mass activity, while a significant loss of ∼32 mV
in half-wave potential and ∼56% decline in mass activity for Pt/
C (inset of Figure 5d). In addition, from the TEM images of
Pd@PtCu/C and Pt/C, taken before and after the ADT
(Figure S7), we can see that the Pd@PtCu nanocrystals still
maintain the dodecahedral shape without any obvious particle
aggregation (Figure S7a,b). In contrast, Pt/C shows severe
aggregation and particle growth after the ADT (Figure S7c,d).
The enhanced ORR catalytic performance of Pd@PtCu/C
catalyst can be attributed to three main factors: (i) Interfacial
interactions between the “PtCu shell” and Pd core leads to
modification of the electronic structures and the d-band center
of the Pt atoms.34 (ii) The alloying of Pt with Cu efficiently
facilitates dissociative adsorption of oxygen, which further
increases the amount of Pt active sites.35 (iii) There are dense
twin defects at the surface of Pd@PtCu and more ORR-
favorable Pt {111} facets based on the dodecahedral structure,
which can boost the catalytic performance.12 Furthermore,
Pd@PtCu has high Pt utilization and activity that benefit from
alloying with reactive Cu. Thus, the Cu readily erodes in
solution and exposes more Pt sites for kinetic activity, as well as
acts as sacrificial catalytic components to prolong the
electrochemical activity and durability of the composite catalyst.
However, Pt/C lacks the capacity to endure structural stability

Figure 4. (a) Atomic structural model of catalysts (i) single-layer
PtCu, (ii) Pd(111), and (iii) Pd@PtCu. Atoms are Pd (green), Pt
(yellow), Cu (aqua), and H (white). (b) Calculated free-energy
diagram of catalysts. (c) Projected DOS for atomic hydrogen
chemisorbed at the Pt(111), Pt−Cu, Pd@Pt, and Pd@PtCu. The
vertical dashed line represents the Fermi level (EF).

Figure 5. Comparison of electrocatalytic properties of Pd@PtCu/
C, Pd@Pt/C, and Pt/C catalysts. (a) CV curves recorded at room
temperature in a N2-purged 0.1 M HClO4 solution at a sweep rate
of 50 mV/s. The currents were normalized to the geometric area of
the glassy carbon electrode (0.196 cm2). (b) ORR polarization
curves recorded in an O2-saturated 0.1 M HClO4 solution at 1600
rpm and a sweep rate of 10 mV/s. (c) Mass activity of catalysts
normalized to the mass of Pt at 0.9 V versus RHE. (d) ORR
polarization curves of Pd@PtCu/C and commercial Pt/C (inset)
before and after 5000 cycles.
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owing to degradation-induced Pt particle detachment, migra-
tion, and aggregation, which drastically reduce the catalytic
activity of Pt/C.
In conclusion, we have successfully synthesized new Pd@

PtCu nanocrystals with unique core@alloy-shell structure.
Owing to the interfacial interactions between the “PtCu alloy
shell” and the Pd core, the synergistic effect between Pt and Cu
atoms, and the dense twin defects at the surface, such a
dodecahedral Pd@PtCu catalyst shows ultrahigh activity and
stability for both HER and ORR over Pd@Pt core−shell and
commercial Pt/C catalysts. Both the experimental and DFT
analyses suggest that Pt is the primary active site. Such high Pt
active sites and utilization benefit from alloying with reactive
Cu, which readily erodes in solution and exposes more Pt sites
for kinetic activity, as well as acts as sacrificial catalytic
components to prolong the electrochemical activity and
durability of the composite catalyst. This work offers a very
attractive strategy for designing highly active electrocatalysts
and opens exciting avenues to explore new modulators for
designing high-performance-oriented electrocatalytic materials
for wider application in electrochemical energy devices.
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