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ABSTRACT: Tuning the crystal phase of bimetallic nanocrystals offers an
alternative avenue to improving their electrocatalytic performance. Herein, we
present a facile and one-pot synthesis approach that is used to enhance the
catalytic activity and stability toward oxygen reduction reaction (ORR) in
alkaline media via control of the crystal structure of Pd−Bi nanocrystals. By
merely altering the types of Pd precursors under the same conditions, the
monoclinic structured Pd5Bi2 and conventional face-centered cubic ( fcc)
structured Pd3Bi nanocrystals with comparable size and morphology can be
precisely synthesized, respectively. Interestingly, the carbon-supported mono-
clinic Pd5Bi2 nanocrystals exhibit superior ORR activity in alkaline media,
delivering a mass activity (MA) as high as 2.05 A/mgPd. After 10,000 cycles of
ORR durability test, the monoclinic structured Pd5Bi2/C nanocatalysts still
remain a MA of 1.52 A/mgPd, which is 3.6 times, 16.9 times, and 21.7 times as
high as those of the fcc Pd3Bi/C counterpart, commercial Pd/C, and Pt/C
electrocatalysts, respectively. Moreover, structural characterizations of the monoclinic Pd5Bi2/C nanocrystals after the durability test
demonstrate the excellent retention of the original size, morphology, composition, and crystal phase, greatly alleviating the leaching
of the Bi component. This work provides new insight for the synthesis of multimetallic catalysts with a metastable phase and
demonstrates phase-dependent catalytic performance.

1. INTRODUCTION
Pt-based nanocrystals have been recognized as efficient and
promising catalysts used in proton-exchange membrane fuel
cells (PEMFCs) due to their high catalytic activity toward
oxygen reduction reaction (ORR) at the cathodes.1−5 To
accelerate the sluggish ORR kinetics, a significant amount of
scarce Pt (>0.2 g/kW) in the catalysts is typically required,6−9

and it is critical for the broad-based applications of PEMFCs
by persistently searching for Pt-reduced or Pt-free ORR
electrocatalysts. Alternatively, Pd-based nanocrystals have
emerged as particularly promising electrocatalysts for the
ORR especially in alkaline media.10−13 To further improve the
ORR performance of Pd-based electrocatalysts, tremendous
efforts have been continuously dedicated to engineering the
catalyst component and structure (such as incorporating
another less expensive metal to form an alloyed or core−
shell structure) and controlling size and morphology.14−18 As
such, a variety of bimetallic or multimetallic Pd-based
nanocrystals with controlled structural parameters have been
deliberately synthesized and shown substantially enhanced
activities toward ORR in alkaline media. For example, Guo and
co-workers synthesized the superthin PdMo nanosheets with
the subnanometric thickness using a wet-chemical approach,
greatly boosting both the mass activity (MA) and durability as
compared to the commercial Pd/C and Pt/C catalysts.11

Abruña et al. prepared Pd/M (M = Ni, Mn) core−shell

nanoparticles utilizing an electrochemical dealloying approach
and demonstrated high electrocatalytic activity.19 On the other
hand, most Pd-based electrocatalysts possess a thermodynami-
cally stable fcc phase, and they face a challenge of transition
metal leaching during the reaction process, which could cause
severe deactivation of catalysts. Relative to the conventional fcc
phase, it was reported that the thermodynamically unstable
phases might present entirely different electronic structures,
dramatically improving their catalytic activities and chemical/
structural stabilities.20−25 This could also effectively mitigate
the leaching problem.26 Therefore, an elaborate design of Pd-
based electrocatalysts with a desirable structure could be an
alternative strategy to further develop the ORR electro-
catalysts.
The synthesis of Pd-based nanocrystals with a metastable

structure is highly challenging due to the competitive
formation of the thermodynamically stable phase. In recent
years, considerable efforts have been made on the development
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of effective methods in the crystal phase control, such as high-
temperature annealing, high pressure-induced phase trans-
formation, and electrodeposition.23,27−29 The resultant prod-
ucts from these methods often show irregular shapes and larger
particle sizes with a broad range of size distribution, seriously
impeding their catalytic performance. Unlike these approaches,
one-pot synthesis possesses advantages in its versatility, precise
control over size, shape, composition, surface and crystal
structures in the final products, and easy scaling-up.30−34

However, this synthesis protocol has been rarely applied to the
preparation of metastable Pd-based nanocrystals that could be
particularly beneficial for the ORR performance. In this report,
we present our synthesis of both monoclinic structured Pd5Bi2
and fcc structured Pd3Bi nanocrystals using this one-pot
approach, and demonstrate the advantage of the resultant
monoclinic Pd5Bi2/C toward ORR.

2. RESULTS AND DISCUSSION
In a typical one-pot synthesis of the metastable monoclinic
Pd5Bi2 nanocrystals (vide inf ra), K2PdCl4, Bi(NO3)3·5H2O,
NH4Br, and poly(vinylpyrrolidone) were codissolved in
ethylene glycol (EG). The as-obtained mixture was then
heated in an oil bath at 160 °C for 3 h. The color of the
solution turned dark brown immediately upon heating,
implying quick formation of metallic nanocrystals due to the
fast reduction by EG at the high temperature. Figures 1a and
1b show the transmission electron microscopy (TEM) images
of the metastable monoclinic Pd−Bi nanocrystals in an average

diameter of 10.2 ± 1.3 nm with a narrow size and shape
distribution (Figure S1). The high-resolution TEM (HRTEM)
image taken from an individual nanocrystal along [001] zone
axis is shown in Figure 1c, where the lattice spacings are
measured to be 2.37 and 2.28 Å, corresponding to the (112)
and (202) planes of the monoclinic Pd−Bi, respectively. These
values also match well with the (112) and (202) lattice
spacings calculated from the powder X-ray diffraction (XRD)
pattern of the monoclinic Pd5Bi2, confirming the metastable
monoclinic phase. Meanwhile, the HRTEM image clearly shows
the continuous lattice extending across an individual nano-
crystal in the same orientation, further revealing the single-
crystal structure with high crystallinity. Furthermore, we also
validate the formation of an alloyed structure with the uniform
distributions of Pd and Bi elements by analyzing an individual
nanocrystal using energy-dispersive X-ray spectroscopy (EDX)
mapping (Figure 1d) and line scan techniques (Figure 1e).
Specifically, the Pd/Bi atomic ratio of Pd−Bi nanocrystals was
determined to be 72.3:27.7 by scanning transmission electron
microscopy-EDX (STEM-EDX) (Figure 1f), almost identical
to the inductively coupled plasma-optical emission spectros-
copy (ICP-OES) result (Pd/Bi atomic ratio = 72.1:27.9).
Based on this result, the monoclinic nanocrystals are denoted as
Pd5Bi2. It also reveals that the conversion of both the Pd(II)
and Bi(III) precursors could reach a level of >99% with EG as
the reductant in the one-pot synthesis.
Interestingly, by merely replacing the K2PdCl4 precursor

with an equal mole of Pd(acac)2 while other synthetic

Figure 1. (a) Low-magnification and (b) high-magnification TEM images of the monoclinic Pd5Bi2 nanocrystals. (c) HRTEM image of a
representative monoclinic Pd5Bi2 nanocrystal. (d) STEM image and the corresponding elemental mappings of a typical monoclinic Pd5Bi2
nanocrystal. (e) EDX line scan across an individual monoclinic Pd5Bi2 nanocrystal as indicated by the dashed line in (d). (f) The corresponding
STEM-EDS spectrum of the monoclinic Pd5Bi2 nanocrystals. The inset in (f) shows the weight and atomic percentages of the Pd and Bi elements in
monoclinic Pd5Bi2 nanocrystals.
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conditions were kept the same, conventional fcc Pd−Bi
nanocrystals can be readily obtained with comparable size,
morphology, and composition. The TEM images (Figures 2a
and 2b) suggest an average size of 11.1 ± 1.9 nm (Figure S2),
with uniform size and shape distribution. As shown in the
HRTEM image (Figure 2c), the clear lattice fringes with
spacings of 2.31 and 1.97 Å nm can be indexed to the (111)
and (200) planes of the fcc Pd3Bi, respectively.

35,36 In this case,
a single-crystal structure and high crystallinity across the entire
fcc Pd−Bi nanocrystal can also be verified using the clear lattice
fringes. Moreover, the EDX mapping (Figure 2d) and

corresponding EDX line scan (Figure 2e) reveal that the Pd
and Bi elements are well distributed throughout the nano-
crystal. The STEM-EDX result on the as-obtained fcc Pd−Bi
nanocrystals suggests a Pd/Bi atomic ratio of 73.9:26.1 (Figure
2f), which is consistent with the measurement received from
the ICP-OES analysis (Pd/Bi atomic ratio = 74.2:25.8).
Therefore, the fcc nanocrystals can be approximately designed
as Pd3Bi. This composition result also indicates the
conversions of Pd and Bi precursors dropped to 92% in the
presence of Pd(acac)2, demonstrating a slower reduction rate
of Pd(acac)2 compared to that of K2PdCl4 in the EG system.

Figure 2. (a) Low-magnification and (b) high-magnification TEM images of the fcc Pd3Bi nanocrystals. (c) HRTEM image of a representative fcc
Pd3Bi nanocrystal. (d) STEM image and the corresponding elemental mappings of two representative fcc Pd3Bi nanocrystals. (e) EDX line scan
across the fcc Pd3Bi nanocrystals as indicated by the dashed line in (d). (f) The corresponding STEM-EDS spectrum of the fcc Pd3Bi nanocrystals.
The inset in (f) shows the weight and atomic percentages of the Pd and Bi elements in fcc Pd3Bi nanocrystals.

Figure 3. (a) XRD patterns of the monoclinic Pd5Bi2 and fcc Pd3Bi nanocrystals. The lines on the bottom show standard XRD pattern of Pd5Bi2; (b,
c) XPS spectra of Pd 3d (b) and Bi 4f (c) for the monoclinic Pd5Bi2 and fcc Pd3Bi nanocrystals, respectively.
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According to this investigation, the types of Pd precursors
involved in the synthesis may play a significant role in steering
the crystal phase formation in the resultant nanocrystals.
The crystal phases of the monoclinic Pd5Bi2 and fcc Pd3Bi

nanocrystals were further identified using the XRD technique.
As shown in Figure 3a, all the primary peaks in the XRD
pattern of the monoclinic Pd5Bi2 nanocrystals match well with
the Pd5Bi2 card (JCPDS no. 33−0212), indicating the
formation of the monoclinic phase with high phase-purity and
high crystallinity. Importantly, the peaks in the XRD pattern
present broadening relative to those in the reference lines on
the bottom, revealing that the sample possesses a distribution
of nanometer size. For the fcc Pd3Bi nanocrystals, all the peaks
in the XRD pattern are consistent with the previously reported
results,36 further validating the formation of the fcc phase. To
determine the chemical valence states of Pd and Bi and
composition in as-synthesized nanocrystals, X-ray photo-
electron spectroscopic (XPS) experiments were further
conducted. As shown in Figure S3, the XPS survey spectrum
of the monoclinic Pd5Bi2 nanocrystals confirms the coexistence
of Pd and Bi, in which the atomic ratio of Pd to Bi was
measured to be 72.8:27.2, almost identical to the STEM-EDX
and ICP-OES results, implying the uniform composition
distribution throughout the nanocrystal. For the Pd 3d spectra
shown in Figure 3b, the peaks of metallic Pd located at 335.3
and 340.6 eV with a separation of 5.3 eV in monoclinic Pd5Bi2
nanocrystals, exhibit a positive shift compared with the peak
positions at 335.1 and 340.4 eV in the case of the fcc Pd3Bi
nanocrystals. Based on the reported peak positions of metallic
Pd located at 335.0 and 340.3 eV, the XPS measurement
reveals a predominant change in the electronic structure of Pd
in monoclinic Pd5Bi2 nanocrystals.11,37 This indicates an
increase of the bandwidth of Pd, resulting in a Pd d-band

center downshifting as compared with Pd in fcc Pd3Bi
nanocrystals and monometallic Pd, thus boosting the catalytic
activity by weakening the binding affinity between oxygenated
species and Pd. Specifically, the ratio of Pd0/Pd2+ in monoclinic
Pd5Bi2 nanocrystals was determined as 92.4/7.6 based on the
total peak areas of the metallic cations with different valent
states, which is higher compared with the value in the fcc Pd3Bi
nanocrystals (Pd0/Pd2+ = 81.7:18.3). These analyses further
corroborate that the surface Pd atoms in monoclinic Pd5Bi2
nanocrystals exhibit a much greater antioxidant capability as
compared with fcc Pd3Bi nanocrystals, mainly due to the
greatly enhanced electronic interaction between Pd and Bi
atoms. For the Bi 4f spectra shown in Figure 3c, the peaks
located at 157.3 and 162.6 eV in monoclinic Pd5Bi2 nanocrystals
can be assigned to the Bi0, which are more positive than the
peaks located at 157.1 and 162.4 eV in fcc Pd3Bi nanocrystals,
revealing an obvious change of the electronic structure of Bi in
monoclinic Pd5Bi2 nanocrystals as well. More importantly, no
Bi3+ peaks were observed in the monoclinic Pd5Bi2 nanocrystals
while the ratio of Bi0/Bi3+ was determined to be 67.7/32.3 in
the fcc Pd3Bi nanocrystals. Taken together, these results
suggest that the monoclinic Pd5Bi2 nanocrystals exhibited
enhanced chemical stability and electronic interaction between
Pd and Bi atoms as compared with the fcc Pd3Bi nanocrystals,
thereby benefiting from improving their performance toward
ORR in alkaline media.
To further gain insights into the formation mechanism of the

monoclinic phase in the synthesis, sets of control experiments
were conducted to identify the key factors that steer the
structure in the final products. It is well-known that the Br ions
typically have a strong coordination ability with metallic ions
and can selectively adsorb on the specific crystal facets, thus
controlling the particle shape of the final products.20 As

Figure 4. (a) ORR polarization curves of the monoclinic Pd5Bi2/C, fcc Pd3Bi/C, Pd/C, and Pt/C, in O2-saturated 0.1 M KOH at a scan rate of 5
mV/s at 1,600 rpm. (b) Mass activities of the monoclinic Pd5Bi2/C, fcc Pd3Bi/C, Pd/C, and Pt/C at 0.9 V vs RHE, which were calculated by
normalizing the kinetic current to the mass loading on the electrode, respectively. (c) ORR polarization curves of the monoclinic Pd5Bi2/C before
and after the accelerated durability tests in O2-saturated 0.1 M KOH at a scan rate of 100 mV/s from 0.6 to 1.0 V vs RHE. (d) Mass activities of the
monoclinic Pd5Bi2/C, fcc Pd3Bi/C, Pd/C, and Pt/C before and after the accelerated durability tests in O2-saturated 0.1 M KOH at 0.9 V vs RHE.
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expected, when NH4Br was replaced by NH4Cl in a typical
synthesis, nanocrystals in irregular shapes with a broad size
distribution were obtained (Figure S4a), most likely due to the
weak interaction of Cl ions with metal seeds as compared to
the case with Br ions. The selected area electron diffraction
(SAED) characterization confirms the fcc phase (Figure S4b).
When the synthesis was carried out in the presence of
cetrimonium bromide (CTAB) instead of NH4Br, wavy
nanochains were formed via nanocrystal attachment (Figure
S4c). The SAED pattern further suggests an fcc phase from
these products (Figure S4d). As such, NH4Br is very essential
to precisely tune the dispersity, morphology, and crystal phase
of the final products in this work. Meanwhile, PdCl2 was used
as an alternative Pd precursor in a similar synthesis, resulting in
nanodendrites with a size of 40 nm (Figure S5), in which the
crystal phase was determined as fcc as well by an SAED pattern
(Figure S5b). Due to the poor solubility of PdCl2 in EG,

38,39 in
this case, not enough Pd2+ ions in solution were provided in
the initial stage to develop the morphology and to alter the
phase of Pd−Bi nanocrystals. These investigations clearly
reveal that both NH4Br as the capping ligand and K2PdCl4 as
the Pd precursors play crucial roles in the formation of the
monoclinic Pd−Bi nanocrystals.
The catalytic activities of the monoclinic Pd5Bi2 nanocrystals,

the fcc Pd3Bi nanocrystals, commercial Pd/C, and commercial
Pt/C toward ORR were subsequently evaluated using the
rotating-disk electrode (RDE) measurement in 0.1 M KOH.
Prior to the electrochemical measurements, the Pd−Bi
nanocrystals were loaded on carbon to obtain monoclinic
Pd5Bi2/C and fcc Pd3Bi/C catalysts as described in the
Supporting Information (SI). All the catalysts were then
converted to respective inks using a standard method (SI) for
electrochemical evaluation. Figure 4a shows the positive-going
ORR polarization curves recorded from the monoclinic Pd5Bi2/
C, fcc Pd3Bi/C, commercial Pd/C, and commercial Pt/C
catalysts. It is worth pointing out that the diffusion-limited
current density of the commercial Pt/C for the 4e− oxygen
reduction in 0.1 M O2-saturated KOH can typically reach
around −5.7 mA/cm2 at a scan rate of 5 mV/s and a rotation
rate of 1,600 rpm in terms of the Levich equation.40 In our
case, the ORR polarization curves of the monoclinic Pd5Bi2/C
catalyst and the fcc Pd3Bi/C catalyst exhibited a diffusion-
limited current density of around −5.8 mA/cm2, revealing the
4e− process of forming H2O, rather than forming the peroxide
species via the 2e− pathway. Based on the ORR polarization
curves, the monoclinic Pd5Bi2/C catalyst showed an E1/2 value
of 0.93 V vs RHE, which is 6 mV higher than the fcc Pd3Bi/C,
35 mV higher than Pd/C, and 39 mV higher than Pt/C,
revealing the superior alkaline ORR catalytic activity of the
monoclinic Pd5Bi2/C catalyst relative to the fcc Pd3Bi/C, Pd/C
and Pt/C. To further quantitatively compare the intrinsic
activity among all of the catalysts, the MA at 0.9 V, as a
benchmark value, was calculated using the Levich equation and
then normalized against the Pd or Pt mass-based catalyst on
the electrode. At 0.9 V, the MA of the monoclinic Pd5Bi2/C
(2.05 A/mgPd) was about 2.2 times as high as that of the fcc
Pd3Bi/C (0.92 A/mgPd), 6.4 times as high as that of Pd/C
(0.32 A/mgPd), and 7.3 times as high as that of Pt/C (0.28 A/
mgPt) (Figure 4b). Relative to the fcc Pd3Bi/C catalyst, the
enhancement in MA of the monoclinic Pd5Bi2/C catalyst can be
mainly attributed to apparent crystal phase discrepancy,
approximately excluding the size, composition, and shape
effects.

In addition to the great enhancement in MA, the monoclinic
Pd5Bi2/C catalyst also showed remarkable durability via
accelerated durability testing (ADT) with repeatedly potential
cycles between 0.60 and 1.00 V at 100 mV/s in O2-saturated
0.1 M KOH electrolyte, as compared with the fcc Pd3Bi/C, Pd/
C, and Pt/C. As shown in Figure 4c, the monoclinic Pd5Bi2/C
catalyst exhibited an activity decay with a ΔE1/2 value of 6 mV
after 5,000 cycles and 9 mV after 10,000 cycles, indicating its
extraordinary stability. Particularly, the MA at 0.9 V decreased
from 2.05 A/mgPd to 1.98 A/mgPd after 5,000 cycles,
corresponding to a loss of 3% relative to the pristine MA
(Figure 4d). After 10,000 cycles, the MA of the monoclinic
Pd5Bi2/C catalyst was retained at 74% of its original value,
while the MA of the fcc Pd3Bi/C catalyst only retained 46% of
its initial value (Figure S6a). In comparison, the MA of the Pd/
C catalyst dropped to 0.17 A/mgPd after 5,000 cycles of tests,
to 0.09 A/mgPd after 10,000 cycles (Figure S6b). The MA of
Pt/C catalyst dropped to 0.12 A/mgPt after 5,000 cycles of
tests, to 0.07 A/mgPt after 10,000 cycles (Figure S6c).
Remarkably, the MA of the monoclinic Pd5Bi2/C catalyst
after 10,000 cycles was still about 3.6 times as high as that of
the fcc Pd3Bi/C catalyst, 16.9 times as high as that of Pd/C
catalyst, and 21.7 times as high as that of Pt/C catalyst.
Moreover, in order to probe the origin of the catalytic activity
decay after the ADT, the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
(Figure S7a) and HRTEM characterizations (Figure S7b) were
performed to identify the size, morphology, and crystal phase
changes. Importantly, these structural parameters of the
monoclinic Pd5Bi2/C catalyst did not show any obvious
changes before and after the ADT. Meanwhile, the uniform
distribution of Pd and Bi elements throughout the entire
nanocrystal after the ADT was further confirmed by the EDX
mapping (Figure S7c−e) and corresponding EDX line scan
(Figure S7f), in which the ratio of Pd/Bi was measured to be
71.6/28.4, indicating a slightly decreased loss of the total Bi
component in comparison with the Pd constituent. Further-
more, the chemical valence states of Pd and Bi after the ADT
were also determined by XPS (Figure S8). It shows that the Pd
and Bi atoms in the monoclinic Pd5Bi2/C catalyst after the ADT
still mainly exist in metallic states together with a slight
increment in the contents of the Pd and Bi oxidation states.
According to the XPS spectra, the ratio of Pd/Bi was calculated
to be 71.8/28.2, almost consistent with the EDX results.
Combined together, all these results indicate the monoclinic
Pd5Bi2/C catalyst after the ADT still preserves their pristine
size, morphology, composition, and crystal phase, further
corroborating their outstanding structural stability and greatly
alleviating the leaching of Bi element during the ADT progress.

3. CONCLUSION
In summary, we report a facile and one-pot approach for the
synthesis of Pd−Bi nanocrystals with tunable crystal phases,
i.e., monoclinic Pd5Bi2 phase and fcc Pd3Bi phase. To control
the crystal structure, it is uncovered that K2PdCl4 as the Pd
precursors and NH4Br as the capping ligand play key roles.
Impressively, the as-obtained monoclinic Pd5Bi2/C catalyst
exhibits superior electrocatalytic activity and stability toward
ORR in alkaline media relative to the fcc Pd3Bi/C counterpart,
Pd/C, and Pt/C. This work demonstrates a new strategy for
the crystal phase-controlled synthesis of bimetallic nanocrystals
and for improving the electrocatalytic performance of ORR. It
is highly anticipated that this approach could extend to other
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multimetallic nanocrystal systems and even other types of
inorganic materials.
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