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ABSTRACT: Novel bowl-like, apple-like, and spherical PdCu
alloy hollow microparticles with mesoporous nanoshells are
synthesized through a simple disproportionation reaction
route using a spherical Cu2O template with increasing
H2PdCl4 ratio. The diameter of hollow particles is about 1
μm, and the thickness of mesoporous shells is about 50 nm.
The obtained bowl-like PdCu alloy hollow microparticles with
mesoporous nanoshells exhibit the highest electrocatalytic
activity among the apple-like and spherical PdCu hollow
microparticles and commercial Pd/C electrocatalysts toward
methanol anodic oxidation for fuel cells. The remarkably
excellent electrocatalytic performance of bowl-like PdCu alloy electrocatalysts might be attributed to the unique bowl-like
hollow architecture with highly mesoporous nanoshells which are constructed by self-supported PdCu nanoparticles. The
strategy presented here might help pave the way for the synthesis of novel nano-/microcomplex hollow materials with
mesoporous nanoshells.
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1. INTRODUCTION

Hollow materials have higher surface area and lower density,
which are highly desirable structural features for various
applications, such as energy storage and conversion, catalysis,
sensing, controlled delivery, etc.1−8 Among various hollow
materials, nanoalloy hollow materials are of great importance
due to their excellent catalytic property.9−12 Hollow alloy
materials possess a high surface energy and abundant active
sites due to the small-sized effects and numerous defects on
surfaces. Their catalytic performances, including selectivity and
stability, can be remarkably improved by alloying gener-
ally,13−15 attributing to the reconfigurable electronic structures,
which means the rearrangement of the valence electrons in the
new potential fields formed by different elements’ nuclei
(instead of single element’s) and related electrons.16−18

Controlling the shapes, sizes, and compositions of hollow
materials could further enhance the electrocatalytic activity.
For example, various hollow structures including nano-
tubes,19−21 hollow nanospheres,22−27 and nanocubes28−34

have been synthesized and exhibited outstanding electro-
catalytic performance. Although a great variety of hollow alloy

materials with different morphologies and structures have been
synthesized, it is true that the rational design and synthesis of
complex hollow alloy materials are still a great challenge.
Nonetheless, the methods of synthesizing complex hollow
structures are generally time-consuming and complicated, and
the shell structure should be carefully controlled to improve
the performance. Therefore, the rational design and synthesis
of alloyed electrocatalysts with complex hollow structures are
significant not only for fundamental studies, but also for
catalytic applications.
Herein, we report a novel and simple strategy to synthesize

unique bowl-like and apple-like PdCu alloy hollow micro-
particles with mesoporous nanoshells using Cu2O micro-
spheres as template. The ratio of H2PdCl4 and Cu2O plays an
important role in the morphology of PdCu alloy hollow
microparticles in the preparation process. The bowl-like PdCu
alloy hollow microparticles with mesoporous nanoshells exhibit
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remarkably superior electrocatalytic performance toward
methanol oxidation compared to the apple-like and spherical
PdCu alloy hollow microparticles and Pd/C commercial
electrocatalysts.

2. EXPERIMENTAL SECTION
2.1. Materials. All reagents were of analytical purity and used

without further purification. Cupric acetate (Cu(CH3COO)2·H2O,
≥99.5%), N,N-dimethylformamide (DMF), polyvinylpyrrolidone
(PVP, K-30), glucose (C6H12O6, ≥99.8%), palladium chloride
(PdCl2, ≥99.9%), sulfuric acid (H2SO4, ≥98%), hydrochloric acid
(HCl, 37%), potassium hydroxide (KOH, ≥90%), and ethanol
(C2H5OH, 99.7%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Commercial Pd/C (10.0%)
was purchased from Aladdin Chemical Reagent Co, Ltd. The particle
size of Pd is 10 nm. Deionized Milli-Q water (18 MΩ cm) was used
for all experiments.
2.2. Materials Characterization. The morphologies and

structures of as-synthesized samples were characterized by field-
emission scanning electron microscopy (FE-SEM, FEI Nova Nano
SEM 450) and high-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F20 FEI), respectively. The X-ray diffraction
(XRD) patterns of as-prepared samples were recorded on a Rigaku
D/Max 2500 X-ray diffractometer with Cu Kα radiation. The XPS
data were gained by X-ray photoelectron spectroscopy (XPS) (ESCA
Lab250 X-ray photoelectron spectrometer).
2.3. Synthesis of Monodisperse Cu2O Spherical Micro-

particles. Typically, 1.6 g of Cu(CH3COO)·H2O, 0.6 g of PVP (K-
30), and 1.52 g of glucose were dissolved in DMF (120 mL). After
vigorous stirring for about 1.5 h, the solution was stirred for 10 min
while the temperature was kept between 80 and 89 °C, and the color
of the mixture became khaki. The final product was washed with
alcohol and water three times and then dried in vacuum at 40 °C for 5
h.
2.4. Synthesis of PdCu/Cu2O Precursors. A 10 mM H2PdCl4

aqueous solution was first prepared by completely dissolving 0.5
mmol of PdCl2 in 20 mM HCl (50 mL) under ultrasonic treatment
for 0.5 h. In a typical procedure, the synthesized Cu2O particles (7.2
mg) and 0.55 g of PVP were redispersed in 20 mL of H2O by
sonication, and then, 10 mM H2PdCl4 (0.5 mL) was added. Then, the
reaction was carried out at room temperature and ambient pressure
for 20 min under magnetic stirring. The products were separated by
centrifugation, washed with deionized water and ethanol three times,
and dried in vacuum for overnight. The products were denoted as
PdCu/Cu2O-1. Another two types of PdCu/Cu2O were prepared
using different amounts of H2PdCl4. PdCu/Cu2O synthesized with 1
and 3 mL of H2PdCl4 was denoted as PdCu/Cu2O-2 and PdCu/
Cu2O-3, respectively.
2.5. Synthesis of Bowl-Like, Apple-Like, and Spherical PdCu

Alloy Hollow Microparticles. In a typical procedure, a certain
amount of PdCu/Cu2O-1 precursors (10 mg) was dispersed into 20
mL of deionized water by sonication, and then, 18 mM H2SO4 (10
μL) was added. After reaction at room temperature for 5 min, the
products were collected by centrifugation at 10 000 rpm for 5 min,
washed by deionized water and ethanol three times, and dried in
vacuum for 5 h to obtain bowl-like PdCu hollow microparticles with
mesoporous nanoshells. The procedure for synthesis of apple-like and
spherical PdCu hollow microparticles with mesoporous nanoshells
was similar to that of the bowl-like PdCu hollow microparticles with
mesoporous nanoshells, in which the difference was that a different
PdCu/Cu2O precursor was used (PdCu/Cu2O-2 for preparation of
apple-like PdCu alloy and PdCu/Cu2O-3 for preparation of spherical
PdCu alloy).
2.6. Synthesis of Pure Pd. A 10 mg portion of PdCu particles

was dissolved in 50 mL of deionized water; 0.2 M (0.1 mL) HNO3
was added, and the solution was stirred for 7 h.
2.7. Electrochemical Measurement. The electrochemical

performance of catalysts was performed at room temperature using
a three-electrode system consisting of a glassy carbon electrode (GCE,

diameter, 5 mm; area, 0.196 cm2), a platinum-plate counter electrode
(1 cm × 1 cm), and a Ag/AgCl reference electrode at an
electrochemical station (CHI 440C). The catalyst inks were prepared
by dispersing the as-synthesized catalysts (4 mg) in a mixed solution
containing 950 μL of ethanol and 50 μL of 0.1 wt % Nafion. The
dispersion was sonicated for 0.5 h to form a homogeneous ink. Then,
10 μL of the dispersion was loaded onto the GCE dried at 40 °C.
Prior to the test, the solution (1.0 M KOH + 1.0 M CH3OH) was
purged with pure Ar gas for 30 min. The electrochemically active
surface area (ECSA) values of the as-prepared samples were
determined by the charge involved in the hydrogen absorption/
desorption region in 1 M H2SO4 solution in the cyclic voltammogram
(CV). Methanol oxidation measurements were conducted in a
solution containing 1.0 M KOH and 1.0 M CH3OH at a sweep
rate of 50 mV/s. Several activation scans were performed until the
voltammogram curves were stable. Only the last voltammograms were
collected for comparing the catalytic activity of the specified catalysts.
The chronoamperometry tests were performed at −0.2 V for a period
of 4000 s at room temperature. The chronopotentiometric curves
were recorded in 1.0 M KOH and 1.0 M CH3OH solution. CO
stripping experiments were conducted in 0.5 M KOH. The electrolyte
was first bubbled with 10% CO/N2 while the potential of catalyst was
held at −1.0 V for 30 min, during which CO monolayer adsorption
was developed on the Pd surface. Unabsorbed CO was then expelled
from the electrolyte by bubbling the solution with N2 for 15 min.
Then, CV cycles were performed immediately with an initial anodic
sweep in the potential range from −0.9 to 0 V at 10 mV/s for at least
two consecutive cycles.

3. RESULTS AND DISCUSSION
The synthesis process of bowl-like, apple-like, and spherical
PdCu alloy hollow microparticles with mesoporous nanoshells
is illustrated in Figure 1. First, the template of uniform

spherical Cu2O microparticles is synthesized by a solution-
phase method according to the previous report.35,36 The
obtained Cu2O microspheres are highly uniform with a mean
size of 1 μm (Figure S1, Supporting Information). Second, the
PdCu/Cu2O microparticles are facilely achieved through the
galvanic reaction between Cu2O and metal ions in H2PdCl4
solution. The solution color changes from tan to dark green
after the addition of H2PdCl4, indicating that the Pd

2+ ions are

Figure 1. Schematic illustration of the formation process for bowl-
like, apple-like, and spherical PdCu alloy hollow microparticles with
mesoporous nanoshells.
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reduced quickly. During this fast galvanic reaction, the Cu
forms on the surface of the Cu2O template through the
disproportionation reaction in the interfacial region between
the aqueous solution of H2PdCl4 and Cu2O (the detailed
reactions are shown in the bottom of Figure 1). In the
disproportionation reaction, the Cu(I) and PdCl4

2− could
simultaneously react with H+ to produce Cu and Pd, resulting
in the formation of PdCu alloy particles.37 Figures S2 and S3
(Supporting Information) show the heterogeneous PdCu/
Cu2O composite microspheres as indicated by step I in Figure
1. As depicted in Figure S2 and S3, it is obvious that the
PdCu/Cu2O particles still exhibit a spherical morphology.
Moreover, the surface of PdCu/Cu2O becomes smoother
compared to that of the Cu2O precursor. The energy-
dispersive X-ray spectroscopy (EDS) result demonstrates that
the sample contains Pd, Cu, and O elements (Figures S2 and
S3, Supporting Information). As shown in Figure S2, the
PdCu/Cu2O particles obtained with 1 mL of H2PdCl4 are
composed of Cu, O, and Pd with the atomic contents of 54%,
40%, and 6%, respectively. In addition, the PdCu/Cu2O
microparticles obtained with 0.5 mL of H2PdCl4 are composed
of Cu, O, and Pd with the atomic contents of 62%, 35%, and
3%, respectively (Figure S3, Supporting Information). The
HRTEM image in Figure S4a,b obviously shows the deposited
PdCu alloy’s intimate growth on the surface of the spherical
Cu2O support. The lattice spacing of 0.21 nm is between the
Pd(111) plane (0.2265) and Cu(111) (0.2088 nm), implying
the formation of PdCu alloy on the surface of Cu2O. The
elemental mapping results (Figure S4c−f) illustrate that the Pd
element is uniformly distributed on the outer surface of a single
Cu2O spherical particle. Finally, the PdCu alloy is converted
from these heterogeneous PdCu/Cu2O particles through the
disproportionation reaction between Cu2O and H2SO4. The
reaction processes could be formulated as shown in Reactions I
and II (Figure 1). It should be noted that the molar ratio of
Cu2O and H2PdCl4 would influence the morphology of the

final products. When the molar ratio of Cu2O and H2PdCl4 is
10:1, the immaculate spherical particles are completely
changed into deflated spheres with a bowl-like morphology.
As the molar ratio of Cu2O and H2PdCl4 is 5:1, PdCu alloy
apple-like hollow microparticles are obtained. With the molar
ratio of Cu2O and H2PdCl4 decreased to 5:3, the as-prepared
PdCu alloy is hollow microspheres.
As indicated in step II of Figure 1, when the mole ratio of

Cu2O and H2PdCl4 is 10:1, bowl-like PdCu alloy hollow
microparticles with mesoporous nanoshells could be produced
while keeping other parameters unaltered. Figure 2a−c shows
that the spherical PdCu/Cu2O microparticles are completely
changed into bowl-like shape with a one-side open hole after
disproportionation reaction between Cu2O and H2SO4,
resembling a bowl-like shape. The energy-dispersive X-ray
(EDX) result displays that the bowl-like PdCu alloy hollow
microparticles obtained with 0.5 mL of H2PdCl4 are composed
of Pd and Cu with the atomic contents of 81% and 19%,
respectively (Figure S5, Supporting Information). TEM images
(Figure 2d,e) further reveal the well-defined cavity in the
center of particles and hollow structure of one layer of
mesoporous shell with a thickness of ≈50 nm. The magnified
TEM image shown in Figure S9b further confirms that the
PdCu alloy wall is porous and, moreover, consists of the
interconnected homogeneous nanocrystals with a size of ≈20
nm. The energy-dispersive X-ray spectroscopy (EDX)
elemental mapping result (Figure 2h,i) demonstrates the
generally uniform distribution of Pd and Cu within the
structure. The HRTEM image (Figure 2f) and the associated
fast Fourier transform (FFT) in Figure 2j reveal that the PdCu
alloys are polycrystalline. Two kinds of lattice spaces are
observed; the 0.21 and 0.19 nm lattice space are smaller than
those of the pure Pd (111) plane (0.227 nm) and Pd (100)
(0.194 nm), but larger than pure Cu (111) (0.209 nm) and Cu
(100) (0.181 nm), indicating the formation of PdCu alloy.

Figure 2. FE-SEM images of (a−e) bowl-like PdCu alloy hollow microparticles with mesoporous nanoshells. (f) HRTEM and (j) the
corresponding FFT images of bowl-like PdCu alloy hollow microparticles with mesoporous nanoshells. (h, i) Elemental mapping images of
individual bowl-like PdCu alloy hollow microparticles with mesoporous nanoshells shown in part g.
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A slight variation of the ratio of H2PdCl4 and Cu2O would
result in a different morphology of the PdCu alloy hollow
microparticles. As indicated in step II of Figure 1, when the
mole ratio of Cu2O and H2PdCl4 is 5:1, apple-like PdCu alloy
hollow microparticles with mesoporous nanoshells could be
produced while keeping other parameters unaltered. As shown
in Figure 3a−c, the PdCu microparticles are almost spherical
with a one-side little cavity, resembling an apple shape. The
particles are uniformly distributed with the average diameter of
about 1 μm and relatively rough surface. As revealed by the
TEM image, the transparency of the PdCu alloy microparticles
confirms their hollow characteristics (Figure 3e). The shell of
the nanocasting with a thickness of ≈95 nm exhibited an
obviously mesoporous architecture (Figure S11, Supporting
Information). The TEM image further reveals the well-defined
cavity in the one side of particles. From Figure 3h,i, uniform
distributions of Pd and Cu form an almost spherical
morphology, which coincide with the mapping area of PdCu.
According to the energy-dispersive X-ray (EDX) analysis, the
apple-like PdCu alloy hollow microparticles obtained with 1
mL of H2PdCl4 were composed of Pd and Cu with the atomic
contents of 82% and 18%, respectively (Figure S6, Supporting
Information). The HRTEM images (Figure 3f) and the
corresponding fast Fourier transform (FFT) (Figure 3j) results
of apple-like PdCu microparticles are similar to those of the
bowl-like PdCu hollow microparticles, suggesting the PdCu
alloy phase.
The ratio of Pd2+ ions and the Cu2O template plays an

important role in the morphology of PdCu alloy hollow
particles. To demonstrate the role of Pd, we conducted a
comparative experiment with pure Cu2O and H2SO4. As
shown Figure S7, in absence of H2PdCl4, Cu particles could
still be produced, but the spherical morphology is not retained
at all; irregular Cu particles aggregate together. After the
reaction of Cu2O and H2PdCl4, the surface of Cu2O would be
covered with PdCu alloy, which could be seen from the TEM
images of PdCu/Cu2O (Figure S4). Subsequently, as the
disproportionation reaction is between PdCu/Cu2O and

H2SO4, H2SO4 reacts with the internal Cu2O, and the surface
PdCu acts as a protective layer to prevent the collapse of
spherical morphologies. As revealed by Figure S8, when the Pd
atom content of PdCu/Cu2O increased to 19%
(MCu2O:MH2PdCl4 = 5:3), a dense layer of PdCu alloy would
be formed on the surface of Cu2O. In the following step, when
the H2SO4 reacted with inner Cu2O, the spherical morphology
could be preserved. Then, the PdCu shows spherical hollow
morphology. When the Pd atom content decreases to 6%, the
surface of the PdCu alloy becomes relatively sparse, which
means that the capability of the PdCu protective layer become
weaker, resulting in the collapse of spherical morphology to the
apple shape. When the Pd atom content decrease to 3%, the
spherical Cu2O has a greater degree of collapse, forming bowl-
shaped PdCu alloy microparticles. The ICP-MS results are
shown in Table S1, which coincide with EDS results.
To further determine the crystallographic structure of these

products, the X-ray diffraction (XRD) measurement was
performed. As shown in Figure 4, all of the diffraction peaks
in the Cu2O spectra (black line) are perfectly assigned to the
cubic Cu2O (JCPDS 65-3288). The signal of Cu2O in the
PdCu/Cu2O spectra (red line) is weaker than that of the Cu2O

Figure 3. FE-SEM images of (a−e) apple-like PdCu alloy hollow microparticles with mesoporous nanoshells. (f) HRTEM and (j) the
corresponding FFT images of apple-like PdCu alloy hollow microparticles with mesoporous nanoshells. (h, i) Elemental mapping images of
individual apple-like PdCu alloy hollow microparticles with mesoporous nanoshells shown in part g.

Figure 4. XRD patterns of Cu2O microspheres, PdCu/Cu2O
composite, and PdCu alloy hollow microparticles.
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template which might probably be because of the formation of
the PdCu alloy in the surface of Cu2O microparticles. The
XRD pattern of bowl-like PdCu alloy hollow microparticles
(green line) demonstrates that the (111), (200), and (220)
crystalline plane diffraction peaks are located between pure fcc
Pd (JCPDS 46-1043) and Cu (JCPDS 04-0836) crystal phases.
The crystal size of bowl-like PdCu microparticles estimated
from the full width at half-maximum of the (111) peak using
the Scherrer equation indicates that the nanocrystals are (19 ±
0.3) nm in diameter, in good agreement with that measured
from SEM and TEM images (Figure S9), which indicates that
these PdCu alloy microparticles are constructed by nanocryst-
als. The X-ray diffraction (XRD) pattern of apple-like PdCu
alloy hollow microparticles (blue line) is similar to that of
bowl-like PdCu alloy hollow microparticles. The self-supported
PdCu nanoparticles would not easily aggregate together.
Neither characteristic peaks of Cu nor its oxides are detected,

confirming the formation of pure PdCu alloy. The electronic
structure of PdCu alloy hollow microparticles is further
investigated by X-ray photoelectron spectroscopy. The results
of the bowl-like PdCu alloy (Figure S10) are the same as those
of the apple-like PdCu alloy. The Pd 3d spectrum exhibits
peaks at 340.6 eV (Pd 3d3/2) and 335.2 eV (Pd 3d5/2),
corresponding to Pd (0). The Cu 2p spectrum exhibits peaks
at 931.9 eV (Cu 2p3/2) and 951.9 eV (Cu 2p1/2), and the auger
kinetic energy shows 918.4 eV, indicative of elemental
Cu(0).38

The electrocatalytic properties of as-prepared PdCu alloy
hollow microparticles are evaluated in 0.5 M H2SO4 solution in
comparison to commercial Pd/C, as shown in Figure 5. The
ECSA of bowl-like PdCu alloy hollow microparticles is 44.15
m2/g, which is about 1.8, 2.8, and 1.9 times that of the apple-
like (24.6 m2/g) and spherical PdCu alloy hollow micro-
particles (15.6 m2/g) and commercial Pd/C nanosized

Figure 5. (a) Cyclic voltammetry curves of bowl-like, apple-like, and spherical PdCu hollow microparticles and commercial Pd/C electrocatalysts,
which are recorded at room temperature with the scan rate of 50 mV/s in 0.5 M H2SO4 solution. (b) Electrochemically active surface area (ECSA).

Figure 6. CV curves of bowl-like, apple-like, and spherical PdCu alloy hollow microparticles with mesoporous nanoshells and commercial Pd/C
electrocatalysts recorded in a solution of 1 M KOH and 1 M CH3OH: (a) CV curves normalized by mass activities, and (b) CV curves normalized
by specific activities. (c) Mass activities and specific activities of the as-prepared hollow microparticles and commercial Pd/C. (d)
Chronoamperometric curves for methanol oxidation.
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electrocatalysts (23.5 m2/g), respectively. The high ECSA for
PdCu hollow microparticles, especially bowl-like PdCu hollow
microparticles, should result from the hollow architecture and
mesoporous nanoshells fabricated by smaller PdCu nano-
particles.
The electrocatalytic performance of different morphologies

of PdCu alloy hollow microparticles and commercial Pd/C
electrocatalysts for methanol oxidation is evaluated by CV test
in 1 M KOH + 1 M CH3OH solution with a scanning rate of
50 mV/s, normalized by the mass of catalysts and estimated
ECSA, respectively. Figure 6a,b is the mass activity and area
activity converted, respectively. Figure 6c shows the area
activity and mass activity of PdCu alloy hollow microparticles
and commercial Pd/C electrocatalysts. The mass activity of the
bowl-like PdCu alloy hollow microparticles is 1462 mA/mg,
which is 2.04, 3.22, and 3.73 times those of the apple-like
PdCu alloy hollow microparticles (716 mA/mg), PdCu alloy
hollow spherical microparticles (453 mA/mg), and commercial
Pd/C electrocatalysts (391 mA/mg). The specific activity of
the bowl-like PdCu alloy hollow microparticles is 3.32 mA/
cm2, 1.07, 1.16, and 2 times, respectively, those of apple-like
PdCu alloy (3.11 mA/cm2) and PdCu alloy hollow spherical
microparticles (2.85 mA/cm2) and commercial Pd/C electro-
catalysts (1.66 mA/cm2). The bowl-like PdCu alloy hollow
microparticles exhibit the highest catalytic activity among the
PdCu alloy hollow microparticles. It is well-known that the
activity of the catalyst is related to its morphology, size,
structure, and composition. The bowl-like PdCu alloy hollow
microparticles with mesoporous nanoshells exhibit remarkably
superior electrocatalytic performance for methanol oxidation
compared to the apple-like and spherical PdCu alloy hollow
microparticles. This is because the thickness and density of the
PdCu alloy particles are different. As shown in Figure S11, the
shell thickness of bowl-like PdCu alloy particles is about 50 nm
which is much thinner than those of apple-like (about 95 nm)
and spherical PdCu alloy particles (about 110 nm). This
means that methanol can easily access the internal surface of
the bowl-like PdCu alloy. In this case, compared with that of
the apple-like and spherical PdCu alloy, the inner surface of the
bowl-like PdCu alloy could be effectively utilized for
electrocatalysis. Then, the bowl-like PdCu alloy exhibits better
electrocatalytic performance for the methanol oxidation
reaction (MOR) in comparison with the apple-like and
spherical PdCu alloy. Moreover, bowl-like PdCu also shows
high mass activity and specific activity compared to other
catalysts in the literature as listed in Table S2. In addition, the
poison tolerance of electrocatalysts is also an important
parameter for methanol oxidation. The ratio of forward
oxidation peak (If) to the reverse oxidation peak (Ib) could
assess the tolerance to carbonaceous species accumulation of
electrocatalysts.31,39,40 A high If/Ib ratio implies efficient
removal of poisoning species on the surface of electrocatalysts.
The If/Ib ratio of bowl-like PdCu alloy hollow microparticles
is 6.2, which is 1.4 and 3.9 times those of the apple-like PdCu
alloy hollow microparticles (4.3) and PdCu alloy hollow
spherical microparticles (1.6). The enhanced electrocatalytic
performance of the bowl-like PdCu alloy hollow microparticles
might be attributed to the unique bowl-like hollow micro-
architecture with highly mesoporous nanoshells fabricated by
smaller nanosize PdCu alloy crystals and synergistic effect
between Pd and Cu. To demonstrate the existence of
synergistic effects, we compare the activity of pure Pd and
Cu particles. As shown in Figure S12, pure Cu exhibits almost

no activity toward the MOR. The mass activity of pure Pd is
44.8% lower than that of bowl-like PdCu, which highlights the
advantage of the PdCu alloy in enhancing the electrocatalytic
activity.
The electrochemical stability of PdCu alloy hollow micro-

particles with mesoporous nanoshells and commercial Pd/C
electrocatalysts for methanol electro-oxidation is investigated
by chronoamperometric experiments at a given potential of
−0.2 V in the solution of 1 M KOH + 1 M CH3OH (Figure
6d). The polarization current for the methanol electro-
oxidation reaction shows a rapid decline in the initial period
for all the samples, probably due to the formation of the
intermediate species during the methanol oxidation reaction in
alkaline media. After the 4000 s test, the oxidation current on
the bowl-like PdCu alloy hollow microparticles is still 3 and 6.5
times higher than those of apple-like PdCu alloy hollow
microparticles and PdCu alloy spherical hollow microparticles.
To explain the stability improvements of the bimetallic
catalysts, we performed the CO stripping test. As shown in
Figure S13, the CO stripping peak potential for the bowl-like
PdCu alloy is measured at −0.462 V, which is lower than those
of apple-like PdCu alloy (−0.457 V), spherical PdCu alloy
(−0.433 V), and commercial Pd/C (−0.383 V). The lower
potential indicates that the Pd−CO bond becomes weaker on
the alloyed samples. These Pd nanoparticles are more likely to
be free from poisoning, ultimately leading to the observed
excellent operation stability. The surface morphology of bowl-
like PdCu alloy microparticles shows almost no change after
the durability test, as shown in Figure S14, confirming the high
structural stability of bowl-like PdCu. The excellent electro-
chemical stability of PdCu alloy hollow microparticles with
mesoporous nanoshells might be due to the nanoparticles’ self-
supported hollow microstructure with high resistance for
agglomeration and introduction of Cu-formed PdCu alloy to
improve the poisoning tolerance.
The superior activity and stability of bowl-like PdCu alloy

particles are mainly attributed to their unique morphology and
composition.41,42 The bowl-like morphology of the as-prepared
PdCu allows methanol to easily access the internal surface,
which provides a higher utilization of both their interior and
exterior surfaces. The porous structure of the PdCu alloy
particles could not only provide sufficient active catalytic sites
but also allow the catalytic process to take place in a stable way,
which inhibits the aggregation. The electronic structure of Pd
could be changed by alloying Pd with Cu, which not only
provides sufficient oxygenated species for methanol oxidation
at a lower potential but also improves the poison tolerance of
catalysts.43,44

4. CONCLUSIONS
A novel and efficient strategy is developed to synthesize bowl-
like, apple-like, and spherical PdCu alloy hollow microparticles
with mesoporous nanoshells using Cu2O microspheres as a
template. During the preparation, when the molar ratio of
Cu2O and H2PdCl4 is 10:1, the spherical particles are
completely changed into deflated spheres with a bowl-like
morphology. As the molar ratio of Cu2O and H2PdCl4 is 5:1,
PdCu alloy apple-like hollow microparticles are obtained. With
the molar ratio of Cu2O and H2PdCl4 decreased to 5:3, the as-
prepared PdCu alloy is hollow microspheres. The PdCu alloy
hollow microparticles, especially bowl-like PdCu hollow
microparticles, demonstrate excellent electrocatalytic perform-
ance for methanol oxidation. The remarkable electrocatalytic
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performance toward methanol oxidation reaction might be
ascribed to the unique architecture of alloy nanoparticle self-
supported hollow microstructures with highly porous features,
which would bring benefits such as the enhanced charge
transport and sufficient accessible active sites at both interior
and exterior surfaces as well as the synergistic effect of the
PdCu alloy.
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