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� PdnCu100�n nanoalloy catalysts are shown to function as bifunctional catalysts.
� It displays a discharge capacity as high as 13,000 mAh/g C in Li-air batteries.
� The catalysts show a bimetallic composition dependent catalytic synergy.
� Optimal nanoalloy composition is revealed at 25e50%Cu in terms of overpotentials.
� The phase structure is shown to play an important role in determining the activity.
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a b s t r a c t

The understanding of factors influencing the performance of catalysts in the air cathode of a rechargeable
lithium-oxygen battery, including overpotentials for oxygen reduction/evolution and discharge capacity,
is essential for exploration of its ultimate application. This report describes new findings of an investi-
gation of PdCu nanoalloys as cathode catalysts. Alloying Pd with oxophilic base metals such as Cu leads to
reduction of the overpotentials and increase of the discharge capacity. The nanoalloy structures depend
on the bimetallic composition, with an atomic ratio near 50:50 featuring mixed bcc and fcc structures.
The discharge potential exhibits a maximum while the charge potential display a minimum in the range
of 20e50% Cu, closer to 25% Cu, both of which correspond to a maximum reduction of the discharge-
charge overpotentials. The discharge capacity displays a gradual increase with Cu%. This type of cata-
lytic synergy is believed to be associated with a combination of ensemble and ligand effects. In particular,
the activation of oxygen on Pd sites and oxygen oxophilicity at the alloyed Cu sites in the catalyst may
have played an important role in effectively activating oxygen and maneuvering surface superoxide/
peroxide species. These findings have implications for the design of multifunctional cathode catalysts in
rechargeable lithium-oxygen batteries.

© 2016 Published by Elsevier B.V.
1. Introduction

Rechargeable lithium-oxygen batteries, as one of the most
promising electrochemical energy storage devices for electric ve-
hicles, have recently attracted increasing interests due to high
theoretical energy density and gravimetric energy, which are 3e10
times higher than the current lithium-ion batteries [1,2]. However,
major challenges for practical applications of the rechargeable
ong).
lithium-oxygen batteries included limited cyclability, relatively
high voltage in the charge process, low capacity retention during
cycling, as well as decomposition of electrolyte. To overcome these
difficulties, there is a surge of research activities focusing on the air
cathode materials [3e5] where the oxygen reduction reaction
(ORR) during discharge and the oxygen evolution reaction (OER)
during charge occur. The formation of lithium superoxide/peroxide
species on the air cathode is unique in non-aqueous environment,
which depends on the hydrophobicity and polarity of the electro-
lytes [6e8]. While many of the recent studies have focused on the
electrolyte effects on the battery performance characteristics
[9e12], the profound understanding of the cathode materials and
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catalysts is rather limited [13e18]. Previous studies of bimetallic
PtAu catalysts showed that the surface of Au and Pt atoms are
catalytic functional for ORR and OER kinetics, respectively [19e21],
and this type of catalytic function also relies on the nanoscale
structural characteristics including size, composition, and phase
properties [22]. Excepting for noble metals, metal oxide such as
Co3O4 nanofibers is also reported [23,24]. The utilization of gra-
phene as supporting materials could enhance catalytic activity,
electronic conductivity and cyclability. The formation of carbonate
ions during charging could restrain the decomposition of
electrolyte.

The charge-discharge overpotentials rely on the catalyst activity,
whereas the enhancement of discharge capacity depends on the
mutual effect of catalyst activity and overall catalyst structure. Due
to the deposition of lithium superoxide/peroxide species on the air
cathode, it is very challenging to determine the most critical factors
that terminate lithium-oxygen battery discharge process in terms
of capacity and the overpotential. The complication also arises from
clogging of pores in the air cathode, the blockage of catalytically
active sites on the surface, and the loss of electrode conductivity
[25]. Excepting for the endeavor that has been employed on the
reduction of overpotentials, approaches to addressing the deposi-
tion of discharge product on air cathode are also important. The
deposition of Li2O2/LiO2 product will poison the catalyst, which
requires a thorough investigation of the design of the catalyst. It is
essential to keep the catalytic active site constantly refreshed by the
sites next to it with a balanced oxophilicity to facilitate the depo-
sition and removal of Li2O2/LiO2 product.

In addition to the control of the nanoscale composition, the
control of the phase properties is also important which is exten-
sively demonstrated in AuPt and other binary/ternary catalysts for
ORR [26e33]. In a recent study, with the utilization of benzyl
amine, bimetallic nanoparticles with controlled phases of disor-
dered fcc and ordered B2 type PdCu is proved to have a superior
performance on lithium-oxygen battery. The weight ratio of crystal
face (111) in the fcc and (110) in the B2-type is 49:51, the nano-
particles displays surpassing round-trip efficiency of 80%. More-
over, the OER potential is as low as 2.73 V and a 3.4 V ORR over
potential is also achieved. Theoretical studies (DFT) have shown
that Pd (111) surface has low adsorption strength (3.46eV),
compared with its co-metal Cu (�4.41eV) in the PdCu. Pd-skinwith
(111) surface in alloy is considered to be the active sites for LiO2
adsorptions [34]. In our early work we also studied the PdCu
nanoparticles as bimetallic nanoalloy, it showed great catalytic
potential in ethanol oxidation reaction [35]. Very recently, we
found that the catalytic activity of PdCu relies on the composition
and structure. With the utilization of high energy XRD, it has been
proved that mixed phases of bcc type and fcc type have great in-
fluence on CO oxidation. We demonstrated that ordering of nearby
Pd and Cu atoms could strongly enhance the catalytic activity of
PdCu nanoparticles with a composition around 50:50 [36].

We show herein new findings to demonstrate that the control of
the nanoscale alloying composition and structure plays an impor-
tant role in the manipulation of the catalyst performance charac-
teristics. A key approach involves alloying Pd with a transition base
metal such as Cu in different compositions, which is known tunable
in terms of oxophilicity. Pd is unique in catalytic activity towards
oxygen reduction/oxidation, though not yet demonstrated suffi-
ciently in lithium-oxygen battery. Themotivation of exploring PdCu
alloys as a potential catalyst arises from the synergy effect of the
nanoalloy in the overpotentials. Pd could facilitate catalytic
reduction of oxygen to peroxide species, as well as the discharge
capacity due to the oxygen oxophilicity when alloyedwith Cu. PdCu
has been studied as catalysts for ORR andMOR (methanol oxidation
reaction) [37], insertion of Cu into Pd lattice not only reduces the
lattice constant, but also traps OH� while keeping Pd site available
for O2 adsorption. Computational modeling [38] has suggested that
the O2 adsorption energy depends on the bimetallic composition,
displaying an optimal composition (30% Cu) for the adsorption of
O2 in ORR. The understanding of how to balance the activation of
oxygen on Pd sites and the oxophilicity or oxygen storage capacity
on the alloyed Cu sites is crucial for the discharge-charge processes
and expected to provide useful information for the design of
multifunctional catalysts for rechargeable lithium-oxygen batte-
ries. Moreover, the utilization of Pd, instead of Pt, could also reduce
the cost of catalyst since Pd’s cost is about 1/3 of Pt with an
abundance of three times higher than Pt. Besides alloying of Pd
with Cu further reduces the cost, which is another key issue to
motivate this study.

2. Experimental

2.1. Chemical

Palladium (II) acetylacetonate (Pd(acac)2, 97%), Copper (II) ace-
tylacetonate (Cu(acac)2, 97%), benzyl ether ((C6H5CH2)2O, >98%),
oleylamine (CH3 (CH2)7CH CH (CH2)8NH2, 70%), and oleic acid (CH3
(CH2)7CH CH (CH2)7COOH, 99þ %) were purchased from Aldrich
and used as received. Other chemicals such as ethanol and hexane
were purchased from Fisher Scientific. Vulcan carbon XC-72 was
from Cabot. Reticulated vitreous carbon (RVC, pore # 30 PPI) was
obtained from Ultramet. Pd (20% on activated carbon (Pearlman’s
catalyst), unreduced, 50% water wet paste (Escat™ 1951, BASF Kit))
were obtained from Strem Chemicals.

2.2. Synthesis of PdCu nanoalloys and preparation of carbon
supported catalysts

The synthesis of PdCu nanoparticles followed the protocol re-
ported in our previous reports [39] with slight modifications.
Briefly, palladium (II) acetylacetonate and copper (II) acetylaceto-
nate in a controlled molar ratio were dissolved in benzyl ether
solvent. Then oleic acid and oleylamine were added as the capping
agent under N2 atmosphere. 1, 2-hexadecanediol was added as the
reducing agent. With the temperature increase to 105 �C, the metal
precursors were starting to decompose and the solution was
becoming dark. Then, N2 purging was stopped and the mixture was
heated up to 220 �Cwith reflux for 0.5 h.When color of the solution
appeared black, it was collected after cooling down to the room
temperature. The nanoparticles were precipitated by adding
ethanol through centrifuging and dispersed in hexane solvent for
future use. While the feeding ratios were 25%, 50% and 75% Cu, the
actual compositions for the nanoparticles prepared from different
batches, as measured by ICP-AES, were very close to, but not exactly
the same as the feeding compositions. In this report we used the
actual compositions of the nanoparticles.

The catalysts were prepared from the as-synthesized nano-
particles. Carbon black XC-72 was used as support materials which
were suspended in hexane solvent and sonicated in ice bath for 3 h.
A controlled amount of as-synthesized nanoparticles was added
into the solution followed by sonication and overnight stirring. The
carbon-supported nanoparticles were obtained by evaporating the
solvent under inert gas.

The carbon-supported nanoparticles were activated by ther-
mochemical processes, details were reported previously [39,40].
Typically, the carbon-supported sample was annealed under 20%
O2 (in N2) for 1 h at 260 �C and 15% H2 (in N2) for 2 h at 400 �C
before further characterizations. Some samples were annealed
under N2 instead of O2 under same condition followed by H2
treatment.
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The commercial Pd/C catalyst was thermally treated at 400 �C in
15% H2 (in N2) for 1 h before further analysis. Catalysts of three
different bimetallic compositions, including Pd21Cu79/C, Pd53Cu47/
C, and Pd75Cu25/C, were studied. Since Pd21Cu79/C showed themost
promising Li-O2 performance characteristic, the data for this cata-
lyst are described in a great detail.

2.3. Instrumentation and measurements

X-ray Powder Diffraction (XRD) data was obtained using a Phi-
lips X’Pert diffractometer with Cu Ka radiation (l ¼ 1.5406 Å). The
measurements were carried out in reflection geometry and the
diffraction (Bragg) angles 2q were scanned at a step of
0.025� min�1. Some datawere also obtained using Scintag XDS2000
q-q diffractometer (CuKa l ¼ 1.5406 Å), equipped with a Ge (Li)
solid state detector. The XRD datawas collected from 20 to 90� 2q at
a rate of 0.58� min�1 at room temperature. Synchrotron High-
Energy XRD (HE-XRD) with atomic pair distribution functions
(PDFs) measurements were carried out at Sector 11 of the Advanced
Photon Source in ex-situ mode using x-ray (wavelength,
l ¼ 0.1080 Å).

Experimental XRD data were corrected for experimental arti-
facts, reduced to the so-called structure factors, S(q), and then
Fourier transformed to atomic PDFs G(r). In the present experi-
ments XRD data was collected up to wave vectors qmax of 25 Å�1.
Note, as derived, atomic PDFs G(r) are experimental quantities that
oscillate around zero and show positive peaks at real space dis-
tance, r, where the local atomic density r(r) exceeds the average
one ro. This behavior can be expressed by the equation
G(r) ¼ 4prro[r(r)/roe1], which is the formal definition of the PDF
G(r).

Catalyst samples were analyzed using inductively-coupled
plasma optical emission spectroscopy (ICP-OES), which was per-
formed using a Perkin Elmer 2000 DV ICP-OES utilizing a cross flow
nebulizer with the following parameters: plasma 18.0 L Ar(g) min�1;
auxiliary 0.3 L Ar(g) min�1; nebulizer 0.73 L Ar(g) min�1; power
1500 W; peristaltic pump rate 1.40 mL min�1. Reported
values < 1.0 mg L�1 were analyzed using a Meinhardt nebulizer
coupled to a cyclonic spray chamber to increase analyte sensitivity
at the following parameters: 18.0 L Ar(g) min�1; auxiliary 0.3 L
Ar(g) min�1; nebulizer 0.63 L Ar(g) min�1; power 1500W; peristaltic
pump rate 1.00 mL min�1. Elemental concentrations were deter-
mined by measuring one or more emission lines (nm) to check for
interferences. The nanoparticle samples were dissolved in
concentrated aqua regia, and then diluted to a concentration with
the range of 1e50 ppm for analysis. Multi-point calibration curves
were made from dissolved standard solution with concentrations
from 0 to 50 ppm in the same acidmatrix marked as the unknowns.
Laboratory check standards were analyzed after measuring 6 or 12
samples, and the instrument was re-calibrated if check standards
were not within ±5% of the initial concentration. The instrument
reproducibility (n ¼ 10) was determined using 1 mg L�1 elemental
solutions ensuring <±2% error for all elements. The metal compo-
sition was expressed as atomic percentage of the elements in the
nanoparticles.

The Li-O2 battery performance was measured using a SP-150
single-channel potentiostat and a VMP2 multichannel potentio-
stat (Biologic). Pure lithium foil (MTI, diameter of 15.6 mm and
thickness of 0.25 mm and Alfa Aesar, ribbon, width of 19 mm and
thickness of 0.75 mm) was used as anode. The ink of catalysts for
cathode was coated on a Celgard C480 separator (Celgard). In a
custom-built cell, the measurement was carried out at room tem-
perature using 1 M LiPF6 dissolved in tetraethylene glycol dimethyl
ether (tetraglyme) as electrolyte. Cathodes with a Nafion/carbon
weight ratio of 0.5/1 were prepared by mixing the catalyst ink with
Nafion dispersion (DE2020, ion-power) in 2-propanol. The total
carbon loading for each cathode (electrode area ¼ 1.2 cm2) was
0.48 ± 0.13 mg cm�2. For the assembly of the Li-O2 cell, a lithium
foil was first placed on top of the stainless steel current collector
followed by adding 15 mL electrolyte. Two pieces of separator were
placed on the lithium foil followed by adding 30 mL electrolyte. A
catalyst-inked Celgard was placed on the separator as the cathode
followed by adding 5 mL electrolyte. A current collector (316 SS
mesh and spring) was then pressed on the cathode materials. The
cell was sealed in a glovebox filled with pure argon, and then
purged with DMC-saturated oxygen for 10 min. The cell was tested
galvanostatically at 0.12 mA cm�2 between 2.0 and 4.5 VLi.

Electrochemical impedance spectroscopic (EIS) measurements
were performed on the assembled Li-O2 cell using the potentiostat
(Biologic). The measurement was performed at open circuit volt-
ages (3.51 ± 0.4 V vs. Li) using an AC amplitude of 10 mV in the
frequency range from 100 kHz to 0.1 Hz.

Ab-initio calculations were carried out by DFT as implemented
in DMol3 program coming as a part of Materials Studio suit of
programs (Accelrys Inc.) [41,42]. In the calculations, the generalized
gradient approximation (GGA) with the Becke-Lee-Yang-Parr
(BLYP) exchange correlation functional was used [43,44]. The
localized double numerical basis sets with polarization functions
(DNP) were employed for the valence orbitals, and effective core
potential was employed to account for the core electrons of metallic
species. Full geometry optimizations were performed for all model
atomic configurations tested here so that all atoms were fully
relaxed. The configurations included unsupported small Pd-Cu
clusters. The interactions between themodel atomic configurations
and O2 molecule were explored. The energy of adsorption of O2 on
the model atomic configurations was used as a measure of the
strength of O2 adsorption. It was calculated by
Eads ¼ � ðEO2�metal � Emetal � EO2

Þ, where, EO2�metal,
Emetal and EO2

are total energy for the O2-metal complex, the iso-
lated metal cluster and the isolated O2 molecule, respectively [42].

3. Results and discussion

3.1. Nanoscale alloying and structural properties

The bimetallic composition of the as-synthesized PdnCu100-n
nanoparticles was analyzed using ICP-OES technique. The approx-
imate 1:1 ratio demonstrates that the binary composition can be
well controlled [35]. Fig. 1 shows HAADF-STEM images from a
sample of Pd21Cu79/C catalyst, which exhibits crystalline structure.
The distributions of the two metal components are largely uniform
across the nanoparticles, exhibiting some surface enrichment of Pd
in a very thin layer along the alloyed surface. In addition certain
amount of oxygen is also found in the NPs. Similar structural
properties with subtle differences in lattice parameters were also
observed for other alloy catalysts studied in this work.

Higheenergy XRD technique was recently used for studying of
PdnCu100-n/C NPs treated under O2 followed by H2 [36]. Fig. 2 shows
a set of high-energy XRD patterns for PdnCu100-n/C NPs treated
under N2 at 260 �C for 1 h, followed by H2 at 400 �C for 2 h. In
Fig. 2(A), the patterns of Pd75Cu25/C and pure Pd/C NPs resemble
with each other to a large extent, as well as the pattern of Pd25Cu75/
C NPs which indicates that all these three NPs are composed of
single phase fcc structure. While the pattern of Pd50Cu50/C NPs
displays extra peaks around 5�, implying the existence of a second
phase. In Fig. 2(B), Experimental PDFs of pure Pd/C, Pd25Cu75/C and
Pd75Cu25/C NPs are acquired through single phase fcc structure
model. The experimental PDF of Pd50Cu50/C NPs is based on coex-
isting two phases structure. One of the phases is entirely chemical
ordered structure featuring bcc-type. The other one, on the



Fig. 1. High-angle annular dark field scanning TEM (HAADF-STEM) images: morphological imaging and elemental mapping for Pd21Cu79.

Fig. 2. (A) High energy XRD pattern of pure Pd and PdnCu100-n/C NPs. (B) Atomic PDFs of model (red and blue lines) and experimental (symbols) data of pure Pd/C and PdnCu100-n/C
NPs. Experimental PDFs for pure Pd, Pd75Cu25 and Pd21Cu79 NPs are based on a model featuring a single nanophase with fcc-type (Space Group (S.G.): Fm-3m) structure. NP lattice
parameters based on the atomic PDFs data are given by each data. The experimental PDF for Pd50Cu50 NPs can be approximated by a model featuring with one completely
chemically disordered of an fcc-type (S.G. Fm-3m) structure, and the other phase is completely chemically ordered of a bcc-type (S.G. Pm-3m) structure. (C) Lattice constant from
HE-XRD data analysis as a function of Cu composition in the alloy nanoparticles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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opposite, is completely chemical disordered characterized as fcc-
type. The model fit lattice constant of all the NPs are also given in
the figure. The lattice constant extracted from the HE-XRD data is
plotted as a function of the bimetallic composition in Fig. 2(C). The
lattice constant measured from HE-XRD/PDF data analysis showed
3.833, 3.788 and 3.697 Å for the nanoalloys, all of which fall into the
range between Pd and Cu (Pd 3.859 Å, Cu 3.597 Å), suggesting that
the nanoparticles were largely fully alloyed. As the composition of
Cu increases, the lattice constant of PdCu NPs decreases. Since Cu
atom is smaller than Pd atom, according to Vegard’s law, when Cu
accounts for a large amount in the nanoalloy, the lattice constant of
PdCu will shrink respectively. Pd21Cu79 and Pd75Cu25 NPs show
single phase crystal structure of fcc-type when one of the metal in
the binary nanoalloy is in dominant position. When the atomic
composition of Cu and Pd is equal, the nanoalloy segregates into
ordered bcc structure (red dot) and disordered fcc structure in
Pd50Cu50. The phenomenon indicates that Pd and Cu atoms in PdCu
nanoalloy intend to form large atomic configurations with different
crystalline structure instead of simply mechanical blending. The
diversity of these atomic configurations and the distribution of
atoms in the NPs are probably attributed to the post-synthesis
thermochemical treatment. PdCu NPs could either distribute in
clusters or core-shell structures with crystal structure in ordered
bcc and disordered fcc.

3.2. Li-O2 battery performance characteristics

A series of PdnCu100-n/C catalysts were examined in a Li-O2 cell
with 1.0 M LiPF6/tetraglyme electrolyte. Fig. 3(A) shows a repre-
sentative set of discharge-charge curves of PdCu/C catalysts with
different bimetallic compositions in the 1st cycle under current
density of 0.12 mA cm�2. The data for Pd/C and Carbon are also
included for comparison.

There are several important trends from this set of data in terms
of the discharge-charge overpotentials and the discharge capacity.
First, both the discharge-charge overpotentials and the discharge
capacity are greatly improved by alloying Pd with Cu in comparison
with Pd or Carbon alone, depending on the composition. Second,
the discharge-charge overpotentials decrease, while relatively
small, as the Cu% decreases in the binary alloy. Third, the discharge



Fig. 3. (A) Comparison of discharge-charge curves for PdCu/C catalysts with different binary compositions (a; blue: Pd21Cu79; b; green: Pd50Cu50; c; orange: Pd75Cu25). The data for
commercial pure Pd/C (d; red) and pure carbon catalyst (e; black) are included for comparison. Current density: 0.12 mA cm�2 for 1st cycle. Electrolyte in Li-O2 cell: 1.0 M LiPF6 in
tetraglyme. (B) Discharge e charge curves for Pd21Cu79/C catalyst under an optimal cell configuration. Current density: (a) 0.12 mA cm�2 for 1st cycle, red curve; (b) 0.06 mA cm�2

for 2nd cycle, blue curve. Electrolyte in Li-O2 cell: 1.0 M LiPF6 in tetraglyme. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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capacity increases as the Cu ratio increases in the binary alloy,
displaying an opposite trend compared with the discharge-charge
overpotentials. It is intriguing that, depending on the configura-
tion parameters of the cell, the increase of Cu in the binary
composition shows a discharge capacity as high as 13,000 mAh g�1

(Fig. 3(B)), which is higher than previous studies with similar
condition that have been reported [10,34]. Note that the condition
for the assembly of the cell was found to be important for achieving
the optimal performance of the catalyst, especially the degree of
the reduction of moisture content in the dry box. The optimal
performance for the given example was believed to be partially a
result of lowering the moisture in the dry box for the cell assembly
under our experimental condition.

Finally, it also appears that the retention of the discharge ca-
pacity is greatly increased in alloy catalysts compared with Pd/C
and carbon materials, which showed 90e98% retention. One
exception is Pd53Cu47/C catalyst that showed 70% retention.

The effect of the composition on the discharge-charge over-
potentials and the discharge capacity are further analyzed, as
Fig. 4. (A) the discharge (red curve) and charge (black curve) potentials as a function of the
guide to eye to illustrate the overall trend; (B) Discharge capacity as a function of the bimeta
cycle is 0.12 mA cm�2, 2nd is 0.06 mA cm�2. (For interpretation of the references to colour
shown by a representative set of data shown in Fig. 4. Fig. 4(A)
shows a plot of the discharge-charge voltages as a function of the
bimetallic composition. The discharge voltage exhibits a maximum
in the range of 25%e50%Cu, closer to ~25% Cu, whereas the charge
voltage displays a minimum at the same composition. Note that for
each composition of catalysts 3e4 samples were examined. The
marker size in Fig. 4 represents the measurement error. Experi-
mentally, while the absolute values showed a certain degree of
variance from sample to sample, the overall trend remained un-
changed, which is also supported by the data in Fig. 5. The sample
variance was largely due to the difference in catalyst loading in the
different sets of samples tested. Nevertheless, in each case, the
overpotential exhibited an apparent minimum in the composition
range of 20e50% Cu.

On the other hand, the discharge capacity shows a gradual in-
crease when the Cu composition increases (Fig. 4(B)). The capacity
of the catalyst with 25%Cu is about two times higher than pure Pd.
As Cu% further increases to 80%, the capacity increases by a factor
about 10. There is no significant decrease for the second cycle for
bimetallic composition of PdCu/C catalyst for the first cycle. The dashed lines serve as a
llic composition of PdCu/C catalyst for the first and second cycle (Current density of 1st
in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. (A) Discharge and (B) charge potentials against composition of catalysts at various current density. Current density: (a) 10 mA g�1, black square; (b) 20 mA g�1, red circle; (c)
40 mA g�1, green upper triangle; (d) 76 mA g�1, blue down triangle. All the cells have been pre-charged to 200 mAh g�1. The dashed lines serve as a guide to the eye to illustrate the
overall trend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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most of the compositions tested except for 50% Cu, suggesting that
the charge and discharge potentials are very sensitive to the
composition change of PdnCu100-n catalyst. Note that this is for the
capacity values in which the data comparisonwas made within the
same set of samples to illustrate the trend.
3.3. Chargeedischarge characteristics under different current
densities

Catalysts with different compositions of PdCu were also tested
in the cell under different current densities. The cells were first
charged to 200 mAh g�1 capacity at different current densities (see
Fig. S1). As the current density increases, the overall potential of the
cells also increases. Compared with lower current density, the
overall potential at higher current density tends to increase more
significantly. The subtle differences in the change of discharge
potential and charge potential imply that catalyst could strongly
affect the ORR activity.

When the composition of the PdnCu100-n nanoalloys varies, the
charge and discharge potentials also change at different current
densities (Fig. 5). A volcano-type feature of charge-discharge po-
tentials as a function of Cu composition is displayed. Fig. 5(A) shows
that a maximum of discharge potential appeared around 25e50%
Cu. As the current density increases, the peak shifts to 50% Cu. In
Fig. 5(B), a minimum value of the charge potential appeared at 25%
Cu under lower current density (�20 mA g�1). When current
density increases, a lower point occurs at 50% Cu. The bimetallic
composition apparently plays an important role in the change of
discharge and charge potentials. In a previous DFT calculation [45],
it showed that when atomic ratio of Pd:Cu is 1:1, the binding energy
is the highest. As an indicator of ORR activity, it could be attributed
to the d-band center shift of Pd and Cu imposed on each other.

Our results seem to be consistent with a previous report [46]
which showed that the molar ratios of PdCu at 1:1 and 1:3 with
smaller particle sizes could enhance the ORR activity. Some reports
also showed the influence of different electrode materials on
discharge potential, such as Au, Pt and metal oxides (a-MnO2,
Fe2O3), and the instability of carbon-based electrolyte because of
superoxide (O2

�) [47]. Since ether-based electrolyte is proved to be
more stable, and the O2/O2
� shows reversibility in the electrolyte,

the increase of the discharge potential in our experiment indicates
catalysts could strongly enhance the OER activity.
3.4. Impedance characterization

The possibility of electrolyte decomposition during the
discharge-charge processes has also been studied using electro-
chemical impedance spectroscopy. In the discharge-charge pro-
cesses of Pd21Cu79/C catalyst (Fig. 6(A)), the impedance spectra
were obtained, which are presented in Nyquist plots as a function
of state of charge (SOC) or depth of discharge (DOD) (Fig. 6(B)).

As a qualitative assessment of the charge transfer and interfacial
properties, the data were analyzed using an ideal equivalent circuit
with a series combination of resistor in the electrolyte (RU) and a
parallel combination of double-layer capacitance (Cdl) with
impedance (ZF). The impedance ZF could be simplified as charge
transfer resistance (Rt) under certain conditions [48]. It is important
to note that there is no well-developed impedance model for the
operating battery cell due to the double layer complications on the
counter electrode, since most models are for the three electrodes
system. As such, the discussion here only serves as a qualitative
assessment of the data in relation to the charge-discharge pro-
cesses and electrolyte decomposition. By curve fitting using the
model provided, resistance and capacitance values are obtained
(Table S1) [49]. A comparison of the general features at different
state of charge (SOC) or depth of discharge (DOD) provides some
useful information. In comparison with data for the fresh state,
which clearly contains a high-frequency semi-circle overlapped
with the middle-frequency circle, the discharged state shows an
increased charge transfer resistance. As DOD increases (e.g., 0.10,
0.66, and 0.91 DOD), the charge transfer resistance increases with
little change in the resistance of the surface, reflecting the forma-
tion of Li2O2 layer. After fully charged, the resistance of the surface
shows a clear increase while the charge transfer resistance de-
creases. The former indicates the formation of a layer on the surface
from the product of the electrolyte decomposition, whereas the
latter reflects the release of Li2O2. Interestingly, for the 2nd

discharge at 0.28 DOD, the return of the surface film resistance



Fig. 6. (A) Discharge-charge curves of cell with Pd21Cu79/C catalyst (current density: 0.12 mA/cm2) (B) Nyquist plots as a function of state of charge (SOC) or depth of discharge
(DOD) (pristine; D1: 0.10 discharge; D2: 0.66 discharge; D3: 0.91 discharge; C1: 100% Charge; 2nd D1: second cycle 0.28 discharge) for a cell with catalyst Pd21Cu79/C.
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implies the removal of the surface film as new Li2O2 layer formed.
However, the charge transfer resistance did not show a complete
return, suggesting that the solid electrolyte interface (SEI)
morphology (e.g., clogging of pores) [50] of the newly deposited
Li2O2 likely differs from that in the first discharge.
Fig. 7. (A) Discharge-charge curves for Pd21Cu79/C catalyst (current density: 0.12 mA cm�2).
57%, 81%, 100% of DOD). (C&D) Nyquist plots as a function of state of charge (SOC) (C1-C13:
transition point refers to discharge switch to charge).
A more detailed impedance analysis was performed at different
depths or states (Fig. 7(A). Since the semicircle of the Nyquist plot
also indicates the internal resistance, resistance value could be
determined at different stages of charge and discharge. In Fig. 7(B),
the internal resistance shows an increase as the discharge deepens.
(B) Nyquist plots as a function of depth of discharge (DOD) (D1-D5: discharge 12%, 35%,
charge 19%, 31%, 52%, 69%, 81%, 94%, 106%, 117%, 134%, 150%, 179%, 206%, 210% of SOC;
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Since the frequency is decreased from left to right, the semicircle
shifts to the lower frequency side when discharge completes. In
Fig. 7(C&D), there is an obvious change when charge starts. At the
transition point, it reveals a much smaller resistance compared
with that taken just after the last charge. When charging over the
initial capacity by 50%, the semicircle of the impedance shifts to
higher frequency side until fully charged, which is very close to
initial charge state. When overcharged, the semicircle of imped-
ance experiences a high frequency shift followed by a low fre-
quency shift.

Further qualitative assessments were based on analysis of the
equivalent circuit of resistance and capacitance (see Fig. S2). The
internal resistances in discharge and charge processes show a
major change at 0.7 DOD or SOC (Fig. S2 (A)). There is a sharp in-
crease at about 70% of charge, after which it decreases to a point
near 100% of charge before showing fluctuation or some increase
when overcharged. For the capacitance (Fig. S2 (B)), it shows a
tendency of increase when discharging up to ~80% before dropping
when fully discharged. The capacitance is relatively flat until
overcharged at 120%. A dramatic increase is evidenced up to 180% of
SOC. After a mildly decrease, a maximum capacitance is achieved at
210% of SOC. The increase of resistance in discharge and charge
reflects the interfacial reactivity, whereas the sudden drop at
discharge could be attributed to the formation of SEI layer [51].
During charging, the nonconductive product Li2O2 deposits on the
electrode, which contributes to the increase of resistance. It de-
creases as Li2O2 decomposes. The phenomenon has been inter-
preted as the formation of cycling product on the electrolyte/
electrode interface in previous report [52].
3.5. Discussion of the catalytic synergy

These findings are suggestive of the operation of an intriguing
synergy by a combination of the ensemble and ligand effects as a
result of the bimetallic alloying. The surface catalytic sites play an
important role in activating O2 and maneuvering the resulting su-
peroxide/peroxide species on the catalyst surfaces. The results also
seem to be in a qualitative agreement with a recent computational
modeling result [38], which suggested that the O2 adsorption en-
ergy depends on the bimetallic composition, displaying an optimal
composition (30% Cu) for the adsorption of O2 in ORR. Based on the
observation that both lowest O2 adsorption and the highest OH
adsorption energy occurs at ~30% Cu in the PdCu (i.e., Pd3Cu alloy),
it is suggested that alloying around 30% Cumay significantly reduce
the formation of OH species (“poisons”) on the Pd surface sites,
which release the Pd sites for O2 adsorption. The repulsion between
OH species on the Cu sites and on the Pd sites decreases the
Scheme 1. Intermixing of Pd(grey) and Cu(red) atoms on different crystal plane of (A) bcc a
and so does Pd. Intermixing of Pd and Cu atoms on different crystal plane of fcc structures of.
adsorption of O2 (blue) on PdCu catalyst (111) plane and the formation and maneuvering o
coverage of OH on the Pd.
Part of the synergistic effect of the copper metal can also be

interpreted by considering oxophilicity of the nanoalloy. Copper is
known for its oxophilicity depending on the oxidation states. Our
recent work on oxygen activation for AuCu nanoalloy catalysts
[7,43] showed that the catalytic properties depend on the degree of
alloying and bimetallic composition. Considering the reduction
potentials for oxygenated metal species (M(OH)x or MOx) in base
electrolytes [35], there is a subtle difference between Pd and PdCu.
For Pd, the peak observed at�0.37 V is considered to originate from
the reduction of the Pd-OH ad species. The reduction potential for
PdCu (�0.34 V) is more positive than Pd (�0.37 V), suggesting that
alloying Pd with Cu favors the reduction of PdOX.

Mechanistically, the formation of superoxide/peroxide involves
the reduction of O2 on Pd to form Pd-(O2

2�) ads, and further reaction
with Liþ, forming LiO2

� species:

Pd � ðO2Þads þ 2e�/Pd �
�
O2

2�
�
ads

Pd �
�
O2

2�
�
ads

þ Liþ��!r:d:sPd � ðO� O� LiÞ�

A possible transfer of LiO2
� from Pd-(LiO2

�)ads site to Cu site
would facilitate the formation of Cu-(LiO2

�) species, leaving Pd site
available for adsorption of O2:

Pd � ðO� O� LiÞ� þ Cu��!r:d:s Cu � ðO� O� LiÞ� þ Pd

This possibility depends on the oxophilicity of Cu site and the
relative difference of redox potentials between these sites. Based on
the reduction potentials for Pd and Cu species such as PdO, Pd
(OH)2, CuO, Cu(OH)2, etc, the reduction potential of Pd(OH)2 is
greater than that of Cu(OH)2 in alkaline electrolytes [39,40,53]. Cu
alloyed with Pd may have the ability to transfer OHads between Pd
and Cu sites, thus facilitating the removal of OHads species in the
ORR. The fact that PdCu with 30% Cu has the lowest O2 adsorption
and the highest OH adsorption energy [25] may be partially
responsible for the ability of releasing the Pd sites for O2 adsorption
by removing OH on Pd through the alloyed Cu sites.

From catalytic and surface refreshing perspectives, it is desired
that the oxophilicity is neither too weak nor too strong, so that the
superoxide/peroxide species can easily be maneuvered around the
catalytic sites. This ability favors not only the formation of the su-
peroxide/peroxide species in the discharge process, but also the
reoxidation in the charge process. In an analogy to catalytic CO
oxidation on PdCu [36], Scheme 1 illustrates possible pathways for
the formation and maneuvering of O2

2�
ads species in discharge-

charge processes on different crystal planes ((100), (110) and
nd (B) fcc structures of PdCu nanoalloy. Each Cu atom has 8 Pd atoms as first neighbor,
Pd and Cu atoms occupy the vertices of a cell randomly. Middle inset: illustration of the
f O2

2�
ads species in the discharge-charge processes.
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(111)) of the bcc and fcc types of structures.
Pd and Cu atoms are clearly more intermixed in fcc phase than

that in bcc phase, which leads to an ensemble effect favoring the
formation and maneuvering of O2

2�
ads species. The bimetallic

composition and crystal structure have a strong effect on the
structural and catalytic characteristics.

A preliminary DFT calculation of the adsorption energy of oxy-
gen was also performed to assess the composition dependence
(Fig. S3). The lowest oxygen adsorption energy is found to appear at
25% Cu which is similar to the results reported previously [38]. The
catalyst with 25% Cu shows higher activity than the other compo-
sitions. The interactions between transition metal and oxygen are
mainly composed of three types: side-on, end-on, and bridge [24].
The end-on type is usually found in the reaction of Li-O2 battery,
which is different from the bridge type utilized in other reactions
[38,54]. The change in bond length of O-O bond and O-Pd bond is
shown in Fig. S3 (B). For Cu < 50%, there is an increase of O-O bond
and a decrease of O-Pd bond length. On the other hand, for
Cu > 50%, the Cu-O interaction is favored [55]. This may be
responsible for an increased ORR activity. Strong oxygen adsorption
hinders the ORR kinetics, whereas intermediate oxygen adsorption
energy could increase the ORR activity [56]. A more in-depth DFT
calculation is required to fully understand how Cu affects the d-
band shift, which is part of our on-going work.

4. Conclusion

In summary, the results have demonstrated a significant syn-
ergy effect of PdCu catalysts on the electrocatalytic properties in a
rechargeable Li-O2 battery. The nanoalloys are characterized by fcc
and bcc nanophases depending on the bimetallic composition. The
nanoalloy with an atomic ratio near 50:50 features a mixed bcc and
fcc structures, whereas the catalysts with other compositions are
characterized by fcc structure [36]. The nanoalloy in the composi-
tion range of 20e50% Cu, closer to 25%Cu, is shown to exhibit a
maximum reduction of the discharge or charge overpotentials. The
synergy effect of nanoalloys on overpotential is believed to be
associated with a combination of ensemble and ligand effects,
including the activation of oxygen on Pd sites and the oxygen
oxophilicity or oxygen storage capacity of the alloyed Cu sites in the
catalyst. This synergy allows the catalytic sites to effectively activate
oxygen and maneuver superoxide/peroxide species on the surface.
A more detailed study is needed to correlate the phase structures
with the charge/discharge capacity. The findings have implications
for designing catalysts with a balanced catalytic activation and
oxophilicity to facilitate the deposition and maneuvering of lithium
peroxide species on the catalyst during discharge-charge processes.
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