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a b s t r a c t

Palladium-based catalyst represents one of the most promising candidates among all non-platinum
oxygen reduction reaction (ORR) catalysts. However, it is still challenging to precisely engineering
their morphology and composition. Herein, highly branched core-shell PdCu@Pd nanocrystals have been
fabricated via a simple one-pot synthesis that co-directed by hydrogen gas and halide ions. Such unique
PdCu@Pd nanocrystals exhibit prominent ORR activity, durability and methanol-tolerance in alkaline
media owing to their core-shell composition, highly-branched structure and defect-rich surface. This
work elucidates a facile strategy to design highly branched core-shell nanomaterials, shedding light on
the exploration and optimization of novel non-platinum ORR catalysts.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cells are high-efficient, sustainable and clean energy con-
versation units that generate electricity derived from small organic
molecules such as ethanol, methanol, and formic acid. They are
considered among the most promising energy sources to settle the
crisis of energy supply and retard problems of environmental
pollution [1e3]. ORR plays a critical role in the fuel cell devices in
the cathodic part. It is well known the platinum-based catalysts are
the-state-of-the-art electrocatalysts in fuel cells owing to their
excellent catalytic performance [4e7]. However, many challenges
stand currently for platinum-based catalysts, including high cost,
limited reserves, despicable durability and poor methanol-
tolerance, hampering their widespread use in fuel cells [8,9].
Therefore, tremendous studies have performed to develop non-
platinum catalysts over the past decades [10e13]. Recently, palla-
dium has been regarded as potential candidates for ORR in fuel cells
(S. Lu), du@jiangnan.edu.cn
[2,14e18]. However, due to the surface electronic structure and
improper d-band center of monometallic palladium, the adsorption
of oxygen on the catalyst surface may be strengthened, resulting in
inferior performance in catalyzing oxygen reduction [19,20]. Thus
precise morphology and composition engineering of palladium-
based catalysts is critical in achieving optimal ORR performance.

Originated from the electronic modulation and lattice strain
exerted by the core-shell composition, constructing core-shell
nanomaterials is proved to be a highly promising strategy to
enhance the electrocatalytic performance [21e25]. For example,
core-shell PtPb/Pt nanoplate shows superior ORR activities and
stability, greatly outperforming counterparts such as PtPb nano-
particles and commercial Pt/C [1]. The enhancement is ascribed to
the precise control of biaxial tensile strain in-situ created between
the core and shell. To avoid the possible aggregation of these active
sites located on the smooth surface, further rational design of
dendritic or rough surface is assumed towork in this regard [26,27].
To the best of our knowledge, dendritic nanomaterials with
branches are less susceptible to agglomeration. For instance,
structurally dendritic PdCuCo nanocrystals recently reported by
Wang’s group exhibit excellent anti-aggregation property and
methanol/ethanol tolerance during the ORR process [2]. Therefore,
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engineering precisely a combination of core-shell composition and
highly-branched structure of palladium-based catalysts might not
only improve the catalytic activity but also increase the durability
and tolerance. Moreover, to further modify the local smooth sur-
face, defect engineering (e.g., vacancies, dislocations, and nano-
twins) has been well accepted as a powerful method [28e33]. The
formed defects can change the pristine crystal structure and in-
fluence the migration of atoms and electrons, which is favorable for
the enhancement of catalytic performance [34,35]. The proper
introduction of different defects is undoubtedly a useful addition to
the optimal electrocatalysts. Nevertheless, it is obviously a great
challenge in the rational design and precise synthesis of such
integrative nanocrystals, especially through simple synthetic
approaches.

Herein, we developed a new strategy of engineering precisely a
starfish-like branched core-shell PdCu@Pd nanocrystals through a
simple one-pot synthesis, which is co-directed by hydrogen gas and
halide ions. Due to the structural superiority including core-shell
composition, highly-branched structure, and defect-rich surface,
the optimal catalyst exhibits enhanced catalytic performance to-
ward ORR, preferable to all homemade comparisons and com-
mercial Pt/C (20 wt%). More importantly, it also shows impressive
durability with negligible degradation after 22,000 cycles and
excellent methanol resistance in ORR process.

2. Experimental section

2.1. Chemicals and Materials

Palladium Bis(acetylacetonate) (Pd(acac)2) was purchased from
Shanghai Civil Chemical Technology Co., Copper(II) chloride dihy-
drate (CuCl2$2H2O, analytical reagent), ammonium chloride
(NH4Cl, analytical reagent), ammonium bromide (NH4Br, analytical
reagent), ammonium iodide (NH4I, analytical reagent), Oleylamine
(OAm, 70-80 wt%), potassium hydroxide (KOH, guaranteed re-
agent), Vulcan XC-72 carbon, and Nafion solution were purchased
fromAladdin Industrial Co., Commercial Pt/C (20 wt%) was received
from Hesen Co., Cyclohexane (C6H12, analytical reagent), ethanol
(CH3CH2OH, analytical reagent) and methanol (CH3OH, analytical
reagent) were obtained from Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used in experiments without further purifica-
tion. Deionized (DI) water was provided by Jiangnan University
Technology Co.

2.2. Synthesis of PdCu@Pd, PdCu-NP and Pd-D

In a typical synthesis, the PdCu@Pd nanocrystals were prepared
by mixing 20.0 mg Pd(acac)2, 6.4 mg CuCl2$2H2O, 50.4 mg NH4Br
and 5 ml OAm into a glass vial. The mixture was sonicated for
20 min and stirred overnight to form a uniform solution. The so-
lution was transferred into a custom pressure-resistant stainless-
steel autoclave, which was then filled with H2 gas (4 bar). The
autoclave was heated from room temperature to 165 �C in 30 min
and kept for 3 h with constant stirring. After cooling to room
temperature, the black colloidal products were collected by
centrifugation and washed several times with cyclohexane/ethanol
(v/v ¼ 1:5). The PdCu nanoparticles (labeled as PdCu-NP) and
dendritic Pd nanocrystals (labeled as Pd-D) were synthesized under
similar conditions except the absence of NH4Br or CuCl2$H2O,
respectively.

2.3. Materials Characterization

The morphologies of the prepared materials were performed by
JEM-2100 transmission electron microscope (TEM) operated at
200 kV. High-angle annular dark-field scanning TEM (HAADF-
STEM) and corresponding elemental mapping, high-resolution
transmission electron microscopy (HRTEM) and energy-dispersive
X-ray (EDX) were conducted by a Tecnai G2 F30S-Twin equip-
ment at an accelerating voltage of 300 kV. High-angle annular dark
field scanning transmission electron microscopy (AC-HAADF-
STEM) was performed at an acceleration voltage of 300 KV. X-ray
diffraction (XRD) pattern was used to investigate crystal charac-
teristics by a Bruker AXSD8 setup with Cu Ka radiation
(l ¼ 1.5406 Å). X-ray photoelectron spectroscopy (XPS) was
recorded by a scanning X-ray microprobe (ESCALAB 250XI) with Al
Ka radiation source, and the binding energy was calibrated by the C
1s line (284.8 eV). The ratio of Pd and Cu was determined by the
inductively coupled plasma-atomic emission (ICP-AES, PerkinElmer
ICP 2100).

2.4. Electrochemical Measurements

All electrochemical measurements were carried out on an
Iviumatat electrochemical workstation at room temperature. The
as-prepared products were dispersed in cyclohexane, and then
proper amount of Vulcan XC-72 carbon was added. The mixture
was sonicated and washed several times with cyclohexane/ethanol.
The final product dispersed in 5 ml cyclohexane was frozen with
liquid nitrogen and freeze-dried for 12 h. The gained Pd-based/C
was annealed at 200 �C. Then Pd-based/C was dispersed in
mixture containing isopropanol, ultrapure water, and Nafion solu-
tion with a volume ratio of 7/3/1 to form a homogeneous catalyst
ink with a concentration of 3 mg mL�1 by sonicating for 1 h and
10 mL ink of different catalysts were coated on the surface of elec-
trode. The loading amount of Pd for PdCu@Pd/C, PdCu-NP/C, Pd-D/C
were 0.04 mg cm�2 measure by ICP-AES respectively, and com-
mercial Pt/C (20 wt %) was 0.03 mg cm�2.

The ORR measurements for all catalysts were performed by
using a glassy carbon rotating disk electrode (RDE; diameter, 5 mm;
area, 0.196 cm�2) and rotating ring-disk electrode (RRDE; disk
diameter, 5.61mm; area, 0.247 cm�2) setup (Pine, USA). A saturated
calomel electrode (SCE) was used as the reference electrode, and a
carbon rod (diameter, 3 mm; area, 0.0761 cm�2) was used as the
counter electrode. The electrolyte was 0.1 M KOH solution. The
potential scan rate was 50 mV s�1 for the CV measurements in the
N2-purged 0.1 M KOH electrolyte, and the potential was scanned
from 0.01 to 1.26 V versus reversible hydrogen electrode (RHE). The
ORR measurement was performed in the O2-saturated 0.1 M KOH
solution with a forward scanning (scan rate: 10 mV s�1, rotation
speed: varying from 400 to 2025 rpm). The accelerated durability
tests (ADT) for all catalysts were conducted in 0.1 M KOH solution
by applying the cyclic potential sweeps from 0.6 to 1.0 V versus RHE
at a sweep rate of 150 mV s�1 for 22,000 cycles.

Methanol tolerance tests were performed in O2-saturated 0.1 M
KOH þ0.5 M CH3OH solution at a scan rate of 100 mV s�1, and after
which, the liner scan voltammograms (LSV) were measured at a
rotation speed of 1600 rpm with a scan rate of 10 mV s�1. The
chronoamperometry was employed to investigate the durability of
catalysts in the O2-pureged 0.1 M KOH solution.

All the potentials are mentioned with respected to RHE, which
convert from the SCE using E (RHE) ¼ E (SCE)þ0.244 þ 0.0591 pH.
The ECSA (m2$gPd�1) of the catalysts was calculated according to the
equation ECSA ¼ Q/(0.420 � WPd), where WPd is Pd loading (mg
cm�2) on the electrode, Q is the coulombic charge by integrating
the peak area of the CO-stripping plots (mC), and 0.420
(mC cm�2

Pd) represents the charge required for the full monolayer
adsorption of a CO on Pd. The electron transfer number (n) and
kinetic current density (Jk) can be calculated from Koutecky-Levich
equation:
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where J is the measured current density, JL and JK are the limiting
and kinetic current densities, u is the rotation speed of the elec-
trode (rpm), n is the electron transfer number, F is the Faraday
constant (96,485 C mol�1), C0 is the bulk concentration of O2 in
0.1 M KOH solution (1.2 � 10�6 mol cm�3), D is the diffusion co-
efficient of O2 (1.9 � 10-5 cm2 s�1) in 0.1 M KOH solution, and g is
the kinematic viscosity of the electrolyte (0.01 cm2 s�1).

CO stripping test was conducted in a CO-saturated 0.1 M HClO4
solution electrolytic cell at 0.20 V for 5 min for CO adsorption of
catalysts. Then transferred the working electrodes into N2-satu-
rated 0.1 M HClO4 solution electrolytic cell to test from �0.03 to
1.24 V (V vs RHE) at a scan rate of 20 mV s�1.

For the RRDE measurements, the n and hydrogen peroxide
selectivity (H2O2%) can be determined by the following equation:

n¼ 4ID�
ID þ IR=N

�

H2O2ð%Þ¼
200IR

ðIDN þ IRÞ

where ID is the disk current, IR is the ring current, and N ¼ 0.37 is
the current collection efficiency of the Pt ring.

3. Results and discussion

The branched core-shell PdCu@Pd was prepared by a one-pot
wet chemical method. Pd(acac)2 and CuCl2$2H2O as precursors
were reduced simultaneously in a custom stainless-steel autoclave,
where OAm served as both solvent and reducing agent, hydrogen
gas and halide ions served as structure-directing agents. The
morphology and structure of as-prepared catalysts were charac-
terized by TEM and HAADF-STEM. The results are shown in Fig. 1a
and b and Figure S2A and S3A reveal themajority of products have a
shape of three-dimensional multi-branches with lateral size
ranging from 80 to 100 nm (Figure S1A). The branches extend
radially from the central core, resembling vivid dendritic starfish.
The unique morphology of individual PdCu@Pd was further evi-
denced by HRTEM and high-resolution HAADF-STEM images. As
shown in Fig.1c and Figure S2 and S3 B-D, uncovering obviously the
branches are 20 nme25 nm in length (Figure S1B) and a darker
color region is observed in the core. To get a deep insight, the core
and branches were partially enlarged and the Fourier filtered im-
ages are presented in Fig. 1dei and Figure S2 and S3 E-H.

In the fractional core region, the lattice spacing is identified as
0.218 nm and can be assigned to (111) planes of PdCu alloy, which is
in agreement with the Fourier pattern of the corresponding region.
The lattice fringe is between the typical distance of the corre-
sponding Pd (0.223 nm) and Cu (0.208 nm), implying Cu atoms
have been successfully incorporated in the Pd lattices and PdCu
alloy were formed with a ratio of 68.4/31.6 (Figure S4) [36]. While
in the fractional branch region, both the lattice spacing distance
(0.223 nm) and Fourier filtered image unveiled the (111) planet of
monocrystal Pd. Meanwhile, in the core district, areas with visible
defects are observed, which are assumed to arise from the in-situ
selective etching during the formation (Figure S2 and S3). While
in the branches, dense multiply-twinned structures were clearly
detected and confirmed by the corresponding Fourier transforms
(Figure S2 and S3) [31]. The nanotwins are possibly attributed to the
selective bonding abilities of hydrogen gas and halide ions.
Underlining the formation of rich defects with low-coordinated
atoms on the surface of crystals which can modify surface reac-
tivity of metallic nanomaterials, and thus boost the catalytic per-
formance for small molecule reaction such as oxygen reduction
[37e39]. These defects are supposed to serve as highly active sites
for oxygen reduction owning to the effective channels provided for
the incorporation and activation of oxygen molecules [31,40]. The
formation of a core-shell structure was further verified by the EDX
line scanning. As displayed in Fig. 1j, the signal of Pd distributes
evenly throughout the whole PdCu@Pd while the Cu signal is
mostly scattered in the core region. This result matches well with
the composition separation in core and shell regions proved by the
HRTEM images. As determined by ICP-AES, the atomic ratio of Pd to
Cu is 86.1/13.9, which is in accordance with EDX result (86.4/13.6;
Figure S5A).

The XRD was used to further investigate the crystalline nature.
For Pd-D and PdCu-NP, only one single set diffraction peaks of Pd or
alloyed PdCu particles is observed (Figure S5B). While for the core-
shell PdCu@Pd, interestingly, two different sets of diffraction peaks
located at 40.2�, 46.7�, 68.4�, 82.3�, 87.2� and 42.2�, 49.24�, 72.2�

(Fig. 2a) are identified, which can be assigned to face-centered
cubic Pd and PdCu respectively. The two different crystalline pha-
ses are consistent with the core-shell nature of PdCu@Pd, arising
from the rich Pd shell and PdCu core respectively. To further study
the surface electronic properties of as-prepared catalysts, XPS was
conducted over different samples and the results are shown in
Fig. 2b. The Pd 3d XPS spectra of PdCu-NP, and PdCu@Pd could be
deconvoluted into two pairs of doublets (Pd0, Pd2þ). Noticeably,
more zero-valence Pd species are identified in PdCu@Pd (341.2 eV
and 335.8 eV) than in PdCu-NP (341.5 and 336.1 eV), the relative
ratio of zero-valence Pd in the two catalysts is 1.4:1 according to the
integration of corresponding fitting peak, revealing better avail-
ability of Pd sites in PdCu@Pd. Furthermore, the binding energies of
the Pd 3d5/2 and Pd 3d3/2 in PdCu@Pd shift to lower value compared
with PdCu-NP. The Cu 2p3/2 could be split into two peaks for
PdCu@Pd and PdCu-NP respectively (Figure S6). The strong peaks
centered at 932.1 eV and 931.9 eV respectively, are indexed as Cu0

species. The peaks with higher binding energy are assigned to Cu2þ

species. Combining the corresponding positive shift value of Cu
2p3/2, it shows more electron transfer produced on PdCu@Pd. It is
proposed that the electron transfer between Pd and Cu atoms easily
occurs in alloyed PdCu nanocrystals owing to the electronic nega-
tivity of Pd is higher than Cu in the forgone study [41,42]. The
electron interaction is favorable for lowering the d-band center of
Pd atoms, which can modify properly the chemisorption energy of
produced intermediates (e. g., O*, OH*, and OOH*) on the surface of
Pd atoms, thus boosting significantly electrocatalytic activity for the
catalysts [31,41e43].

To better understand the formation mechanism of the high
branched core-shell PdCu@Pd, different experimental parameters
were investigated to evaluate their influence over the final mor-
phologies. Halides ions are commonly used as shape-directing re-
agents in the synthesis of noble metal catalysts [36,44,45]. If the
standard synthesis proceeded in the absence of halide ions, small-
sized nanoparticles were the main products (Figure S9B and E).
Impressively, when NH4Br in the standard synthesis was replaced
by NH4Cl or NH4I, plush-like or irregular-shaped nanocrystals were
obtained respectively (Fig. 3a and b), showing the essential role of
halide ions in the formation of branched morphology. It can be
ascribed to the selective bonding behaviors of halide ions: (i) Br�

ions is easy to selectively adsorb on the (100) crystal plane of Pd,



Fig. 1. (a) Typical TEM image and (b) HAADF-STEM image of PdCu@Pd. (c, d and g) HRTEM images (the inset is geometrical model of one single PdCu@Pd). (e, h) Fourier filtered
lattice fringes images and (f, i) corresponding FFT patterns of the core and branch region respectively. (j) Line-scan analysis of one single PdCu@Pd nanocrystal.
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thus preventing the growth along the C100D direction and being
favorable to forming multi-branched structures. (ii) the binding
abilities of halide ions to the Pd atoms follow the order of
I� > Br� > Cl�. It shows both strong or weak chemisorption don’t
work in constructing the unique branched morphology [36,44].
Gas-directing synthesis is also proved to be effective strategies in
the shape control of nanostructures [46e49]. When H2 gas was
substituted by N2 and other reaction conditions remain unchanged,
no branched structures were observed (Fig. 3c). This result is
consistent with our previous works in the H2 gas-directing syn-
thesis of Pt nanomaterials [46e48]. Moreover, it is interesting to
note that if CuCl2$2H2O served as the sole precursor, the final re-
action solution shows the orange color and no nanocrystals were
detected (Figure S7). In contrast, with only Pd(acac)2 precursor



Fig. 2. (a) XRD pattern of PdCu@Pd nanocrystals. (b) The Pd 3d XPS spectra of PdCu-NP, and PdCu@Pd nanocrystals respectively.

Fig. 3. TEM images of the products synthesized in the presence of (a) NH4Cl, (b) NH4I instead of NH4Br and (c) N2 instead of H2 with other conditions unchanged.
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added in the synthesis, branched Pd nanoparticles can be also
prepared (Figure S9C and F). The difference between the two trials
could be explained by the noble metal-induced reduction mecha-
nism [42]. It also provided that the Pd is sensitive species to form
branched nanocrystals under the directing of H2 gas.

Intermediate samples of PdCu@Pd nanocrystals at different
periods were also collected to further understand the growth
process. Corresponding to the color changes of the reactionmixture
at different periods (Fig. 4a), the morphology and composition of
nanocrystals underwent time-dependent evolution. Initially, the
irregular PdCu nanocrystals with an average diameter of 30 nm
were observed within 60 min (Fig. 4b and Figure S1D). Interest-
ingly, spatial branches were grown along with particular directions
on these granular nanocrystals over time (120 min). The products
were a mixture of irregular and branched nanocrystals with a
length range of 10e22 nm (Fig. 4c and Figure S1C). Much more
dendritic structures were finally formed until the reaction timewas
extended to 180 min (Fig. 4d). When the reaction time proceeded
until 240 min, there were no obvious changes in the size and shape
for the PdCu@Pd nanocrystals (Figure S8). Besides the shape evo-
lution, the changes in compositionwere also carefully investigated.
As shown in Fig. 4e and f, comparisons were made in typical STEM-
EDX element mappings of individual nanocrystal collected at 60
and 180 min. It turned out the firstly formed nanocrystals are
uniformly alloyed PdCu nanocrystals. Then selective epitaxial
growth on the as-formed nanoparticles took place and branched
core-shell PdCu@Pd were finally obtained. The Pd-rich branched
shell is consistent with the results shown in Fig. 1j.

Based on these detailed analyses, the formation mechanism of
PdCu@Pd become clearer gradually. Because no product was ob-
tained only with CuCl2$2H2O, it is proposed that the Pd2þ with the
higher reduction potential was firstly reduced in the OAm and Pd
seeds were formed. Then the Cu2þ with lower reduction potential
can be reduced by underpotential deposition reaction
(Cu2þþ2e/Cu0) on the Pd seeds [50e52]. During this process, H2
gas can not only promote the reduction of Pd precursors, but also
prevent any impurities in the solvent from settling on the formed
Pd atoms [46]. Synchronously, a handful of reduced Cu atoms went
through a diffusion process to incorporate into Pd lattices, resulting
in the formation of PdCu core [42]. Subsequently, the H2 and Br�

ions adsorbed on specific Pd crystallographic plane lead to the se-
lective deposition of additional Pd atoms through epitaxial growth,
forming a branched Pd-rich shell. The process was proved by the
time-dependent evolution of the morphology and composition
shown in Fig. 4. No hollow interior structure was observed. This
mechanism is consistent with previously reported researches
[36,43,50,53].

Considering the structure superiority of the as-obtained
branched core-shell PdCu@Pd nanocrystals, its electrocatalytic
performance towards ORR in alkaline solutionwas investigated and
benchmarked with commercial Pt/C. PdCu-NP and Pd-D (Figure S9)
were also tested for comparison. Catalysts were all loaded on a



Fig. 4. (a) Photographs of the products at different tine for PdCu@Pd. TEM images of PdCu@Pd at different reaction times: (b) 60 min and (e) corresponding STEM-EDX elemental
mapping image; (c) 120 min; (d) 180 min and (f) corresponding STEM-EDX elemental mapping image.
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carbon support and annealed to remove the impurity on the surface
(Figure S10). The typical CV curves for different catalysts (Fig. 5a)
were conducted in N2-saturated 0.1 M KOH solution at a sweep rate
of 50 mV s�1. It’s easy observed the reduction potential of PdO in
PdCu@Pd/C and PdCu-NP/C shifts positively by 30 mV and 50 mV
relative to the Pd-D/C (Fig. 5a) respectively from the CV plots,
unraveling the binding energy of PdeO on the two catalysts are
Fig. 5. (a) CV plots of PdCu@Pd/C, PdCu-NP/C and Pd-D/C recorded in N2-purged 0.1 M KOH
C, Pd-D/C, and commercial Pt/C recorded in O2-saturated 0.1 M KOH solution at a scan rate o
and mass activity at 0.85 V versus RHE for these catalysts. (e) ORR polarization plots of Pd
catalysts at 0.9 V and 0.85 V versus RHE before and after 22,000 cycles.
significantly weaken compare to the pure Pd. The observed result is
in linewith previous work [16,54]. The electrochemical surface area
(ECSA) of PdCu@Pd/C, PdCu-NP/C and Pd-D/C were determined by
CO-stripping (Figure S13B-D) and PdO reduction respectively,
meanwhile, the CO-stripping was conducted to probe the electron
structure. The main CO-striping peak potential for PdCu@Pd is
0.91 V (V vs RHE), which is more negative than that of PdCu-NP
solution at a scan rate of 50 mV s�1. (b) ORR polarization plots of PdCu@Pd/C, PdCu-NP/
f 10 mV s�1 and a rotation rate of 1600 rpm. (c) E1/2 potential and ECSA, and (d) specific
Cu@Pd/C and the inset shows corresponding CV plots, and (f) mass activities of these
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(0.96 V) and Pd-D (0.98 V), indicating the Pd in PdCu@Pd nano-
crystals exhibit lower d-band center [55]. A smaller peak was also
observed on CO-stripping curve of PdCu@Pd, which probably
originated from the oxidation of CO on different active sites [56].
The ECSA value of commercial Pt/C for comparisonwas determined
by the hydrogen adsorption peak (Figure S18E) and CO-stripping
(Figure S13A). The ECSA values obtained from the CO-stripping
(PdCu@Pd/C, PdCu-NP/C, Pd-D/C and Pt/C with ECSA of 35.9, 42.8,
19.4 m2 gPd�1 and 76.3 m2 gPt�1 respectively) are further used to
evaluate the ORR performance (Fig. 5c). The LSV curves were per-
formed in O2-saturated 0.1 M KOH electrolyte solution with a scan
rate of 10 mV s�1 and a rotation speed of 1600 rpm (Fig. 5b). The
branched core-shell PdCu@Pd/C displays the largest half-potential
(0.901 V) in comparison with PdCu-NP/C (0.882 V), Pd-D/C
(0.853 V) and Pt/C (0.842 V) (Fig. 5c). It also presents the smallest
Tafel slope (Figure S16B), which is in accordance with the trend of
reduction peaks in the CV plots and indicates the enhanced activity
of PdCu@Pd/C. To better evaluated the ORR activity, corresponding
specific activity (SA) and mass activity (MA) at 0.85 V and 0.9 V of
all catalysts were calculated. As depicted in Fig. 5d, the SA of
PdCu@Pd/C, PdCu-NP/C, Pd-D/C at 0.85 V are 0.957, 0.585, and
0.636 mA cmPd

�2, respectively. The PdCu@Pd/C exhibits the highest
SA, which is 1.63 times and 1.50 times higher than PdCu-NP/C and
Pd-D/C respectively. The MA on the PdCu@Pd/C reaches 0.430 A
mgPd�1, 1.38 times the MA of PdCu-NP/C (0.312 A mgPd�1), 2.64 times
the MA of Pd-D/C (0.163 A mgPd�1) and 3.52 times the MA of com-
mercial Pt/C (0.122 A mgPt�1). The trend of SA and MA of all catalysts
was also confirmed at 0.9 V as follows (Figure S17): PdCu@Pd/C
(0.305 mA cmPd

�2, 0.137 A mgPd�1), PdCu-NP/C (0.206 mA cmPd
�2, 0.102

AmgPd�1), Pd-D/C (0.146mA cmPd
�2, 0.035 AmgPd�1) and Pt/C (0.083mA

cmPt
�2, 0.050 A mgPt�1). These results demonstrate the enhancement

of the intrinsic activity after rational morphology and composition
engineering. To further explore the ORR kinetic behavior of these
catalysts, the ORR polarization curves were conducted at different
rotating speeds from 400 to 2025 rpm (Figure S14). The Koutecky-
Levich (K-L) plots obtained at various potentials from 0.3 to 0.8 V
(Figure S15) show the ideal parallel relation, uncovering the first-
order reaction kinetics of the ORR in all catalysts. On the basis of
the Tafel slope of K-L plots, the electron transfer number (n) for all
catalysts were all calculated to be around four at the different po-
tentials (Figure S16A). To further confirm the direct four-electron
pathway of PdCu@Pd/C, the polarization plots measurements
were performed by a rotating ring-disk electrode (RRDE) setup
where the ORR take on the disk electrode, while the produced H2O2
is oxidized on the ring electrode at the same condition [57]. On the
ring electrode, both PdCu@Pd/C and commercial Pt/C generated
negligible current compared with that of the current formed at the
disk electrode (Fig. 6a), revealing that fully electrocatalytic reduc-
tion of oxygen into water is favorable and into H2O2 is restrictive in
the ORR process. The electron transfer number and H2O2 selectivity
were obtained at the sweeping potential from 0 to 0.8 V versus RHE
shown in Fig. 6b. It demonstrates that a trace amount of H2O2 (<5%)
was produced and high four-electron selectivity (n~4) was obtained
for the PdCu@Pd/C. The result is very closed to the RRDE test of
commercial Pt/C, further demonstrating that the PdCu@Pd/C went
through primarily the four-electron pathway.

The long-term durability is an essential criterion to evaluate the
practice application of newly-developed catalysts toward the
electrocatalytic process [58]. The accelerated durability (ADT) tests
of PdCu@Pd/C, PdCu-NP/C, Pd-D/C and commercial Pt/C were car-
ried out in 0.1 M KOH by applying the cyclic potential sweeps from
0.6 to 1.0 V versus RHE at a sweep rate of 150 mV s�1 for 22,000
cycles. As shown in Fig. 5e, the PdCu@Pd/C displays outstanding
stability and there is no obvious decay of the polarization curves
after continuous 22,000 cycles. The area of the reduction peak
changes slightly and the potential even shows a positive shift in the
CV plots (inset in Fig. 5e). In contrast, the half-wave potential of
commercial Pt/C degrades by 45 mV and PdCu-NP/C, Pd-D/C also
shifts by 15 and 8 mV respectively after sweeping 22,000 cycles
(Figure S18B, D and F). The changes of the corresponding CV curves
are similar to previous literature reports (Figure S18A, C and E)
[15,16]. Moreover, there is only 5.83% and 6.74% loss of the MA for
the PdCu@Pd/C at 0.9 V and 0.85 V respectively after ADT tests
(Fig. 5f), while PdCu-NP/C, Pd-D/C, and commercial Pt/C exhibited
38.42%, 14.85%, and 48.01% loss of the MA at 0.9 V and showed
19.51%, 12.53%, 39.68% loss of the MA at 0.85 V. After ADT mea-
surements, the morphology of these catalysts was characterized by
TEM. The PdCu@Pd/Cmaintains the original structure and there are
no distinct changes in the morphology (Figure S11A). To further
confirm the excellent stability, the composition information of
PdCu@Pd was verified by EDX after 22,000 cycles. As shown in EDX
image (Figure S12), the atomic ratio of Pd to Cu is 76.1/23.9 with a
slight change compared with pristine PdCu@Pd. The PdCu@Pd/C
with dendritic structure had stronger anti-aggregation ability
owning to the unique free-standing architectural feature. For
comparison, PdCu-NP/C, Pd-D/C, and commercial Pt/C display ag-
gregation phenomenon (Figure S11B, C and D), especially the PdCu-
NP/C and commercial Pt/C agglomerates severely, which probably
leads to the deactivation of catalysts.

Methanol tolerance also plays a vital role in the direct methanol
fuel cells, since the liquid fuel molecules generally submerge the
polymer electrolyte membrane and access easily to the cathodic
part, which will poison the catalysts at the cathode [2,59]. To study
the methanol-tolerant ability of the PdCu@Pd/C, the CV plots were
firstly performed in O2-saturated 0.1 M KOH þ0.5 M CH3OH solu-
tionwith a scan rate of 100 mV s�1. As shown in Fig. 6c, commercial
Pt/C exhibits an intense methanol oxidation peak at 0.97 V versus
RHE, while for PdCu@Pd/C, a much weaker methanol oxidation
peak at 0.89 V versus RHE combining with a clear ORR peak at
0.72 V versus RHEwas observed instead. Correspondingly, based on
the LSV curves (Fig. 6d), the ORR polarization plot of the commer-
cial Pt/C shows obvious methanol oxidation peak, while no meth-
anol oxidation peak is displayed for PdCu@Pd/C in the presence of
0.5 M CH3OH solution. It has been reported in previous research
that the core-shell Ag@Pd structure shows more tolerance to the
presence of methanol than Ag-Pd alloys [60,61]. They attribute the
enhanced methanol-tolerance to an ensemble effect between the
physical structure of core and shell. Herein, combining the similar
core-shell PdCu@Pd structure with the additional alloying effects
between Pd and Cu, the d-band center of Pd atoms and electronic
sketch are modified [16,62], which has been evidenced in the XPS
spectra. As a result, it allows the surface palladium to selectively
reduce the oxygen over the methanol oxidation, showing good
methanol-tolerant property during ORR. To further verified the
excellent methanol tolerance for PdCu@Pd/C, chronoamperometric
measurements were then performed. Upon the addition of 2 M
methanol into the O2-saturated electrolyte, the Pt/C shows signif-
icant decay with a value of more than 24%. In sharp contrast, the
current for PdCu@Pd/C is well-maintained (Fig. 6e), which indicates
PdCu@Pd/C has outperformed in anti-methanol capacity and is not
susceptible to methanol in ORR. These results highlight the
PdCu@Pd/C possesses exceeding ORR activity, stability, and anti-
methanol ability among all the synthetic catalysts. Compared
with some recently reported Pd-based nanomaterials (summarized
in Table S2), the defect-rich branched core-shell PdCu@Pd/C shows
better performance towards ORR considering different evaluation
parameters, which could be attributed to structural and composi-
tional advantages.

We ascribe the superior electrochemical performance, dura-
bility, and methanol tolerance to core-shell composition, highly-



Fig. 6. (a) The ORR polarization plots of PdCu@Pd/C and commercial Pt/C were conducted by RRDE setup in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s�1 and a
rotation rate of 1600 rpm. (b) Peroxide percentage and electron transfer number of PdCu@Pd/C and commercial Pt/C according to produced current on ring and disk electrode. (c) CV
plots at the scan rate 100 mV s�1, and (d) polarization plots at a scan rate of 10 mV s�1 and a rotation rate of 1600 rpm of PdCu@Pd/C and commercial Pt/C in O2-saturated 0.1 M KOH
solution with 0.5 M CH3OH. (e) i-t plots with 2 M CH3OH added at around 1200 s.
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branched structure, and defect-rich surface of PdCu@Pd. Firstly,
interfacial interaction between the branched Pd-rich shell and
PdCu core not only creates lattice strain, but also modifies the
electronic structure and d-band center of Pd atoms, which are
beneficial for lowering effectively the binding energy of in-
termediates and improving obviously the catalytic activity and
durability [23,63,64]. Secondly, the highly extend branches with
sufficient accessible active sites prevent the PdCu@Pd nanocrystals
from accumulating during the ORR process. Besides, the branched
Pd-rich shell can play a bullet-proof role in alleviating erosion of
interior Cu atoms [25,41,44], further enhancing the catalytic per-
formance and stability of PdCu@Pd nanocrystals. Thirdly, there are
dense defects on the core and shell surface of PdCu@Pd nano-
crystals, which cannot be observed in the PdCu NP and Pd-D,
showing the defects are possibly one of the main reasons to
enhance the activity. According to previous researches, these de-
fects are supposed to serve as highly active sites for oxygen
reduction owning to the effective channels provided for the
incorporation and activation of oxygen molecules [31].
4. Conclusion

In conclusion, the defect-rich highly branched core-shell
PdCu@Pd nanocrystals were successfully prepared via a simple
one-step synthetic approach. The H2 and Br� ions are proved to be
vital in the construction of the unique morphology. Owing to the
core-shell composition, highly-branched structure, and defect-rich
surface, the PdCu@Pd displays enhanced activity and superior
durability for ORR application. Moreover, the outperforming
methanol-tolerant ability is greatly preferable to the commercial
Pt/C. The novel structure was rarely reported in previous researches
and this synthetic strategy provides an example of precise
morphology and composition engineering of palladium-based
catalysts.
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