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ABSTRACT: Exploring Pt-free electrocatalysts with high
activity and long durability for the oxygen reduction
reaction (ORR) has been long pursued by the renewable
energy materials community. In this work, we have
designed an ordered intermetallic PdZn/C (O-PdZn)
with a several atomic-layer Pd shell, which achieved a 3-
fold enhancement in ORR mass activities (MA) in alkaline
media, relative to Pd/C and Pt/C. Further Au incorpo-
ration in O-PdZn/C (Au-O-PdZn/C) yielded a catalyst
with superior durability with less than 10% loss in MA after
30000 potential cycles. These effects have attributed to the
rationally designed ordered structure and stabilizing effect
of Au atoms. Aberration-corrected scanning transmission
electron microscopy and synchrotron-based X-ray fluorescence spectroscopy were employed to show that Au not only
galvanically replaced Pd and Zn on the surface but also penetrated through the PdZn lattice and distributed uniformly
within the particles. Au-O-PdZn/C was also tested as an effective oxygen cathode in broad applications in rechargeable
Li−air and Zn−air batteries.
KEYWORDS: fuel cell, metal−air battery, oxygen reduction reaction, ordered intermetallics, Pt-free electrocatalysts

Hydrogen fuel cells have been recognized as crucial
renewable energy technologies to power electrical
vehicles (EVs) due to their high energy density, high

energy-conversion efficiency, and potential zero carbon
emission.1,2 However, a significant amount of Pt (>0.2 g/
kW) is still required to catalyze the sluggish ORR for a power
density of >1 W/cm2.2−7 Alternatively, Pd has shown ORR
activity comparable to Pt in alkaline media.8 To further
enhance the ORR activity, tremendous efforts have been
devoted to alloying Pd with much lower-cost 3d-transition
metals.9−13 However, the reported Pd-based alloys are often
disordered alloys and suffer from rapid leaching of the 3d-
transition metals, which can severely contaminate and degrade
the membrane in fuel cells.2,14 Pt, Pd-based intermetallics, with
ordered structures, have been reported to effectively mitigate
the leaching problem and exhibit enhanced durability.5−7,15−24

In this work, we have designed a structurally ordered Au-
incorporated (golden) PdZn (Au-O-PdZn) intermetallic with
high initial ORR activity and long-term durability.

RESULTS AND DISCUSSION

Disordered PdZn (D-PdZn/C), synthesized by an impregna-
tion method,5 exhibited a typical face-centered cubic (fcc)
structure as shown in the X-ray diffraction (XRD) pattern in
Figure 1a. The peak positions of PdZn/C were shifted to
higher angles, relative to Pd/C, indicating a lattice contraction
due to the incorporation of Zn. After a postannealing
treatment at 500 °C, the XRD pattern exhibited the
characteristic (001) and (100) peaks of an ordered
intermetallic PdZn (O-PdZn) phase. Compared with Pd/C,
the lattice parameter of D-PdZn contracted by 1.23%, while
that of O-PdZn contracted by 11.0% in the c direction and
expanded by 5.45% in the a and b directions (Table S1).
The crystal structure of O-PdZn/C was then examined, at

the atomic scale, by a STEM operated at 300 kV (Figures 1b
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and S1). The low-magnification high-angle annular dark-field
(HAADF) STEM images of ordered PdZn/C in Figure S2
exhibited a narrow size distribution with an average size of ca.
50 nm, which is consistent with the domain size calculated
from XRD patterns (Figure 1a). The atomic-scale STEM
image in Figure 1b visualized the ordered intermetallic

structure of PdZn along the [010] zone axis. Two
perpendicular lattice planes were assigned to be the (100)
(2.9 Å) and (001) (3.5 Å), which were consistent with the
theoretical values of 2.9 and 3.4 Å, respectively (ordered PdZn,
PDF No. 01-072-2936). Since the intensity of HAADF-STEM
images is proportional to the atomic number (I α Z1.7), the

Figure 1. (a) Powder XRD patterns of Pd/C and disordered and ordered PdZn/C (D-PdZn/C and O-PdZn/C). (b) Atomic-scale HAADF-
STEM image of O-PdZn/C on the [010] zone axis. Inset: PdZn unit cell. (c) STEM image and the corresponding EELS elemental maps of
Pd, Zn, and Pd vs Zn. (d) EELS line scan profile extracted from the dashed box in (c), indicating a ∼2 nm Pd shell.

Figure 2. (a) Atomic-scale HR-TEM image of Au-incorporated ordered PdZn/C (Au−O−PdZn/C) on the [010] zone axis. (b) STEM image
and the corresponding EDX elemental maps of Pd, Zn, and Au. (c) EDX line scan profile of Pd, Zn, and Au, extracted from the dashed box in
(b). (d) FT-EXAFS spectra of Au−O−PdZn and Au film reference.
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atom columns clearly showed a periodic rectangular array of
brighter Pd atom columns surrounding the dimmer Zn atom
columns in the center. The chemical composition of O-PdZn/
C was further investigated using electron energy loss
spectroscopy (EELS) elemental mapping. Figure 1c shows
another PdZn nanoparticle with (101) lattice planes (2.2 Å)
and the corresponding EELS elemental maps of Pd and Zn
(Figure S3). The Pd (red) vs Zn (green) composite map
indicated that the PdZn core (yellow) was surrounded by a
thin Pd shell (red). The line profiles in Figure 1d,
corresponding to the dashed boxes in Figure 1c, indicated
that the thickness of the Pd shell is about 2 nm. This five to six
atomic layer Pd-rich shell, on the surface, may serve as a
protection shell to mitigate Zn leaching and improve the
electrocatalytic durability.
The incorporation of Au into Pd-based alloys has been

demonstrated to greatly improve the long-term durability of
ORR electrocatalysts.14,15,25,26 A galvanic replacement method
was utilized to partially replace the Pd and Zn with Au atoms.
PdZn/C was able to maintain the ordered structure after
incorporating Au, as shown by the XRD patterns in Figure S4.
The ordered structure of Au-incorporated O-PdZn/C (Au-O-
PdZn) was then examined using bright-field high-resolution
TEM (HR-TEM) imaging. Figure 2a indicated an ordered
intermetallic particle of Au-O-PdZn on the [010] zone axis,
similar to that of O-PdZn in Figure 1. Given the low Au
content in Au-O-PdZn (Au/Pd = 1:40) and the nature of fully
occupied 5d10 orbitals of Au, the EELS signal-to-noise ratio of
Au M4,5 edges was below the detection limit. Alternatively,
energy-dispersive X-ray (EDX) spectroscopy was employed as
a reliable tool to acquire a convincing Au elemental map from
the Au Lβ edge (Figure S5). Au-O-PdZn/C exhibits a
homogeneous elemental distribution of Au and Pd based on
the corresponding EDX elemental maps (Figure 2b). EDX

elemental line profiles (Figure 2c), extracted from dashed
boxes in Figure 2b, show that Au has similar bell-shaped line
profiles as Pd and Zn, suggesting that Au is uniformly
distributed through the entire particle. If Au only existed on
the surface of PdZn, it would show a plateau in the middle of
the line scan profile, rather than a bell-shaped line.6,10,27 EDX
line profiles of Au-O-PdZn/C also suggest a thin Pd shell of
2−3 nm, which is similar to the EELS mapping results of O-
PdZn/C. EDX mapping has a lower spatial resolution relative
to EELS due to the larger beam size in order to collect enough
X-ray signals. The incorporation of Au was further examined
by the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS). As shown in Figure 2d, the first shell
peak at around 2.5 Å shifted to a shorter R with respect to that
of the Au film references, which is likely due to partial charge
transfer from Pd and Zn to Au, since Au has a higher Pauling
electronegativity (2.54) than Pd (2.20) and Zn (1.65). The
peak splitting at 2.75 Å is due to the Ramsauer−Townsend
effect on the Fr(k) function.28 In summary, the microscopic-
level EDX and macroscopic-level FT-EXAFS analyses strongly
indicate that Au atoms are uniformly incorporated into the
ordered PdZn lattice.
After detailed structural investigations, the electrocatalytic

ORR activities were evaluated with a rotating disk electrode
(RDE) in O2-saturated 0.1 M KOH solution at 1600 rpm.
Cyclic voltammetric (CV) profiles (Figure 3a) exhibit the
oxide reduction peak of D-PdZn/C, O-PdZn, and Au-O-PdZn
gradually shifted to higher potentials (dashed lines in Figure
3a), compared with Pd/C, indicating that PdZn alloying and
further Au-decoration could weaken the oxygen affinity and
improve the ORR activity. The ORR polarization profiles
indicated that the half-wave potential (E1/2) of O-PdZn, D-
PdZn, and Au-O-PdZn shifted positively by 20, 34, and 50 mV,
respectively, relative to those of Pd/C and Pt/C (Figure 3b).

Figure 3. (a) CV profiles of Pd/C, D-PdZn/C, O-PdZn/C, and Au−O−PdZn/C at 50 mV/s in Ar-saturated 0.1 M KOH. (b) ORR
polarization profiles of Pd/C, Pt/C, D-PdZn/C, O-PdZn/C, and Au−O−PdZn/C at 5 mV/s and 1600 rpm in O2-saturated 0.1 M KOH. The
mass loadings of precious metal were 40 μg cm−2. (c) Mass activities (MA) of different catalysts at 0.9 V vs RHE. (d) Koutecky−Levich plots
of Au−O−PdZn at different potentials. Inset: I−V curves at various rotation rates.
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Furthermore, based on the mass loading of Pd and Au, the
mass activity (MA) of Au-O-PdZn/C was calculated to be
0.105 A/mg at 0.9 V, significantly higher than that of D-PdZn/

C (0.056 A/mg) and O-PdZn/C (0.078 A/mg) as well as Pt/
C and Pd/C (Figure 3c). The electron-transfer number of Au-
O-PdZn was calculated to be nearly 4.0, according to the

Figure 4. (a, b)ORR polarization profiles of Au-O-PdZn and O-PdZn catalysts before and after 30000 cycles and the corresponding MA. (c)
STEM image of O-PdZn after 30K cycles and the corresponding EELS elemental maps of Pd and Zn and the composite map of Pd vs Zn.
Scale bar: 5 nm. (d) EELS line profiles extracted from the dashed box in (c). (e) STEM image of Au−O−PdZn after 30 K electrochemical
cycles and the corresponding EDX elemental maps of Au, Pd, and Zn. Scale bar: 20 nm. (f) EDX line scan profile extracted from the dashed
box in (e).

Figure 5. Cell performance of Zn−air batteries using Pt/C and Au−O−PdZn catalysts as cathodes. (b) Durability test at 5 mA/cm2. Zn−air
batteries were supplied with fresh Zn foil every 20 h as labeled 1−4. (c) Cell performance of Li−air batteries using Au−O−PdZn/C as the
cathode at current densities of 0.1 and 1 A g−1. (d) Long-term discharge/charge profiles of Au−O−PdZn at 0.1 A g−1 with a capacity of 1000
mAh g−1 per cycle in Li−air batteries.
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Koutecky−Levich equation, indicating a minimal peroxide
formation (Figure 3d).
The electrocatalytic durability was then examined by

performing accelerated potential cycling from 0.6 to 1.0 V
(Figure 4). The E1/2 of Au-O-PdZn decreased by 6 mV after
30000 cycles, while O-PdZn exhibited a larger decay of 13 mV
(Figure 4a). The MA of Au-O-PdZn/C decreased by 9.5%,
relative to a 16.6% decay for O-PdZn/C (Figure 4b). To gain a
microscopic-level understanding of the catalyst degradation
mechanism, the morphology and chemical composition of
catalysts were examined using STEM. As shown in Figure S6,
although some particles aggregated into large nanoparticles
(Figure S6a), the ordered structure was well preserved as
shown by the selected area electron diffraction (SAED) pattern
which exhibited the characteristic features of ordered PdZn,
comparable to the XRD pattern in Figure 1a. The HR-TEM
image of O-PdZn/C after electrochemical cycling also revealed
the ordered crystal structure viewed on the [010] zone axis
(Figure S6c,d). Similar to O-PdZn/C, Au-O-PdZn/C also
maintained the ordered structure and experienced particle
aggregation after 30000 cycles (Figure S7a−d). Interestingly,
EELS elemental mapping of O-PdZn/C after cycling exhibited
a thicker Pd shell of around 4 nm when compared to the 2 nm
Pd shell of the as-synthesized O-PdZn/C, indicating a partial
leaching of Zn after cycles. EDX elemental mapping of Au−
O−PdZn/C after electrochemical cycling indicated that Au
had a similar distribution profile as Pd and Zn in the same
particle, similar to the initial state, indicating a stable structure
of Au−O−PdZn and possibly contributing to the long-term
durability (Figures 4e,f).
As a promising ORR electrocatalyst, the Au-O-PdZn/C was

further tested as the oxygen cathode in proof-of-concept
rechargeable metal−air batteries (Figure 5). Zn−air batteries
were assembled with Au-O-PdZn/C as the cathode, zinc foil as
the anode, and 6 M KOH as the electrolyte. As shown in
Figure 5a, the Au-O-PdZn/C cathode exhibited a peak power
density of ∼310 mW cm−2 at a current density of ∼353 mA
cm−2, which are much higher than those of a typical Pt/C
cathode (∼240 mA cm−2 and ∼175 mW cm−2, respectively).
The inset in Figure 5b indicated that the Au-O-PdZn had a
higher discharge plateau voltage (1.315 V) than Pt/C (1.30 V),
suggesting that Au-O-PdZn/C could lower the ORR over-
potential in Zn−air batteries. The Au-O-PdZn/C cathode
exhibited negligible performance degradation after continu-
ously discharging for 80 h (Figure 5b).
Inspired by previous work on bifunctional electrocatalysts in

Li−air batteries,29−34 The Au-O-PdZn/C was tested as a
catalyst for one of the most challenging charging reactions
(Li2O2 − 2e− = 2Li+ + O2). Au-O-PdZn/C exhibited stable
discharging/charging plateaus (∼2.85/3.36 V vs Li+/Li)
(Figure 5c) with charging overpotentials as low as 0.38 V at
0.1 A g−1. This represents a dramatic improvement,
considering that the typical charging overpotential is 0.8−1.0
V on carbon black without electrocatalysts.30−36 When the
current density was increased by a factor of 10 to 1 A g−1, the
charging overpotential initially only increased to around 0.5 V
at 300 mAh g−1 but the charging voltage slowly rose to around
3.8 V at 1000 mAh g−1, which is likely due to the slow kinetics
of decomposing lithium carbonate byproducts formed during
discharge.35 Durability tests indicated that the Au-O-PdZn/C
cathode was able to maintain fairly constant discharging/
charging plateaus within the first 20 cycles. However, larger
charging overpotentials were evident in the following cycles,

which possibly came from the accumulation of nonactive
byproducts, due to the electrolyte instability and carbon
corrosion effects.36

CONCLUSIONS
In summary, Au-O-PdZn ordered intermetallics with a Pd shell
and uniform Au distribution exhibited superior ORR activity in
alkaline media and significantly enhanced durability. Moreover,
Au-O-PdZn/C was used as an effective oxygen cathode in Zn−
air batteries and Li−air batteries. The strategy described herein
provides valuable insights to design high-performance and
long-durability oxygen cathodes for both hydrogen fuel cells
and rechargeable metal−air battery technologies.

EXPERIMENTAL METHODS
Material Synthesis. The PdZn catalysts were prepared by an

impregnation−reduction method. In a typical synthesis, 0.1879 mmol
of PdCl2 (Aldrich), 0.1879 mmol of ZnCl2 (Aldrich), 67.8 mg of
Vulcan, and 10 mL of deionized water were mixed, and the dispersion
was then heated to 60 °C to evaporate the water under alternating
magnetic stirring and sonication. Disordered PdZn/C (D-PdZn/C)
catalysts were synthesized under a H2 gas atomsphere at 300 °C for 2
h. D-PdZn/C was then annealed under H2 gas at 500 °C for 2 h to
form ordered PdZn/C (O-PdZn/C). Au was incoporated into O-
PdZn/C using a galvanic replacement method (Au:Pd = 1:40) since
AuCl4

2−/Au has a more positive redox potential (0.93 V vs the
standard hydrogen electrode (SHE)) than those of PdCl4

2−/Pd and
Zn2+/Zn (0.59 V, −0.76 vs SHE, respectively).

Structural Characterizations. The X-ray diffraction (XRD)
patterns were obtained by using an X’Pert PRO diffractometer with
Cu Kα radiation. X-ray fluorescence spectroscopy (XRF) at the Au
LIII edge was acquired at the C-1 beamline of the Cornell High Energy
Synchrotron Source (CHESS). About one hundred XRF spectra were
collected and merged to enhance the weak Au signal and compensate
for the EXAFS noise caused by random photon fluctuations from the
X-ray beam. XRF spectra were calibrated using Au foils (measured
concurrently with the sample in transmission mode) and analyzed
using the ATHENA software package. Fourier-transformed extended
X-ray absorption fine structure (FT-EXAFS) spectra were processed
by setting the Fourier-transformed window to be 3−11 Å−1 with k3

weighting and no phase correction. EXAFS of the Pd was not
included because neither the Pd K edge (24.35 keV) nor the LI edge
(3.6 keV) was suitable for the synchrotron source used in this work
(6−15 keV).

High-angle annular dark-field (HAADF) scanning transmission
electron microscopy (HAADF-STEM) images and electron energy
loss spectroscopy (EELS) elemental maps were acquired using a fifth-
order aberration-corrected FEI Titan Themis STEM operated at 300
kV with a beam convergence semiangle of 30 mrad and subangstrom
spatial resolution. Atomic-scale STEM images were processed using
the Richard−Lucy filtering method with two iterations (Figure S1).
EELS spectral images were acquired with a 0.25 eV/channel energy
dispersion in a Gatan spectrometer with a size of 100 × 100 pixels and
an acquisition time of 20 ms/pixel. The Pd and Zn EELS elemental
maps were extracted using Pd M4,5 and Zn L3,2 edges, respectively,
from EELS spectral images and processed using the linear
combination of power law (LCPL) to subtract the background in
ImageJ software. High-resolution TEM (HRTEM), selected area
electron diffraction (SAED), and energy-dispersive X-ray spectrosco-
py (EDX) elemental mapping were performed using a FEI Tecnai F-
20 (S)TEM operated at 200 kV. EDX elemental maps of Pd, Zn, and
Au were processed using Pd Lα,β and Zn Lα, and Au Lβ edges,
respectively. The spatial resolution of EDX mapping was estimated to

be 2−3 nm based on the Goldstein equation, ∝R tZ N
E

1.5, where R is
the resolution and Z, N, E, and t are the atomic number, atom density,
incident beam energy, and sample thickness, respectively. It should be
noted that the Pd shell, in EDX mapping, was not as well resolved as
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the EELS mapping due to the limitations of spatial resolution in EDX
mapping (2−3 nm) when using a larger beam size, as a compromise,
to achieve a higher beam current and sufficient EDX signal for Au
mapping.
Electrochemical Characterization. Electrochemical experiments

were conducted using a RDE setup with an Autolab-PGSTAT302N
potentiostat in 0.1 M KOH solution. Catalyst inks were prepared by
mixing 5 mg of catalyst with 1 mL of 2-propanol/Nafion (0.1%
Nafion) solution. An 8 μL catalyst ink was then deposited on the RDE
electrode (5 mm in diameter, area: 0.196 cm2). All electrochemical
measurements were conducted in 0.1 M KOH aqueous solution using
a three-electrode cell with a reversible hydrogen electrode (RHE) as
the reference electrode and a carbon rod as counter electrode. The
ORR polarization profiles were measured in O2-saturated 0.1 M KOH
solution from 0.2 to 1.1 V vs RHE at a scan rate of 5 mV s−1 and a
rotation rate of 1600 rpm. Durability tests were conducted by
potential cycling between 0.6 and 1.0 V at a scan rate of 100 mV s−1 in
O2-saturated 0.1 M KOH solution.
Zn−Air and Li−Air Battery Tests. The Zn−air batteries was

assembled with a layered battery. 0.2 M Zn(CH3COO)2 + 6 M KOH
was used as the electrolyte, and a polished Zn foil was used as the
anode electrode. The Au-O-PdZn or Pt/C was loaded on the carbon
cloth to serve as the oxygen cathode. The loading of the synthesized
catalyst was 0.5 mg cm−2. A LAND-CT2001A battery test station was
used at a current density of 5 mA cm−2. For the Li−air battery test,
the Au-O-PdZn catalyst, carbon black (SuperP), and polymer binder
(polyvinlidene fluoride; PVDF) in a weight ratio of 80:10:10 were
mixed in azodimethylpyrrolidone to obtain a smooth slurry. The
slurry was then loaded onto a carbon paper and dried in a vacuum
oven at 80 °C for 24 h. The average loading of the Au-O-PdZn was
0.5 mg cm−2. The Li−air batteries were assembled inside a glovebox
(H2O < 0.5 ppm, O2 < 0.5 ppm) using Au-O-PdZn/C supported on
carbon paper as the cathode, a Li metal foil as the anode, glass fiber as
the separator, and LiTFSI/TEGDME as the electrolyte. The
assembled battery was purged with O2 gas for 10 h to allow O2 gas
fully diffuse and reach the cathode and tested under flowing O2 gas.
The specific capacity was normalized to the mass of the precious
metals. The charge and discharge profiles were measured at a current
density of 0.1 and 1 A gcatalyst

−1. The durability test was conducted at a
constant current density of 0.1 A gcatalyst

−1 and a capacity of 1000 mAh
gcatalyst

−1 per cycle for 50 cycles.
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