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ABSTRACT: Cu−Pt nanocage (CuPt-NC) intermetallic structures
have been prepared by an in situ galvanic displacement reaction. The
structures are found to be well organized within the framework
demarcated with distinguishing arms, having clear edges and corners
with a size of ∼20 nm. The unique nanocage structure possessing
large specific surface area and better structural integrity helps to
achieve improved electrochemical oxygen reduction reaction activity
and stability in alkaline solution in comparison to the commercially
available 20 wt % Pt/C. CuPt-NC shows 50 mV positive onset
potential shift with significantly higher limiting current in comparison
to Pt/C. Interestingly, CuPt-NC has shown 2.9- and 2.5-fold
improved mass activity and specific activity, respectively, for ORR
at 0.9 V vs RHE in comparison to Pt/C. Moreover, the stability of
CuPt-NC has been tested by an accelerated durability test under alkaline conditions. CuPt-NC has been subsequently utilized as
the air electrode in a primary Zn−air battery and is found to possess 1.30- and 1.34-fold improved power density and current
density at 1 V, respectively, in comparison to the state-of-the-art Pt/C catalyst. In addition, CuPt-NC has shown several hours of
constant discharge stability at 20 mA cm−2 with a specific capacity of 560 mAh gZn

−1 and energy density of 728 Wh kgZn
−1 in the

primary Zn−air battery system.
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■ INTRODUCTION

The development of metal−air batteries has attracted
substantial research attention due to their applications in
portable devices such as hearing aids, toy cars, flashlights,
clocks, etc.1 Among the available metal (M)−air batteries (M =
Cd, Zn, Li, Al, etc.), the Zn−air battery is being widely
examined due to the low cost, abundance, and environmental
benignity of Zn.1 The Zn−air battery also enjoys high
theoretical energy density and long shelf life in comparison
to the traditional aqueous batteries.2,3 However, this prospect is
limited by poor performance of the air electrode due to its
sluggish oxygen reduction reaction (ORR) activity at the
cathode, in comparison to the anodic oxidation of the Zn
metal.1−5 Hence, the development of an efficient cathode
catalyst for the Zn−air battery is an existing challenge for the
scientific community.1−5 Hitherto, alloys and core−shell
structures of Pt-based metals in the supported form are
found to be showing better activity for ORR.6 Moreover, the
limited-localized electronic interaction with the support or
within the particles leads to support corrosion, which eventually
leads to particle agglomeration during the actual operating
conditions.6 Along with this, the reactant distribution and its
utilization are the added issues associated with these types of
conventional materials.6 Additionally, the tedious synthesis

protocols involved in the synthesis of the nanostructured
electrocatalysts significantly impede the prospects toward the
widespread applications of many of these materials in the
metal−air batteries.
Recently, researchers started thinking along a different angle

by constructing Pt-based materials possessing definite geo-
metrical configuration and composition in order to get better
activity with higher utilization.7,8 Moreover, these nonzero-
dimensional structures make the intermetallic nanocage
structures less susceptible to dissolution and aggregation during
the actual operating conditions in comparison to the available
carbon-supported catalysts.9−11 Consequently, deploying alloys
possessing porous nanocage structures could be an elegant
solution to effectively tackle the issues related to activity and
utilization.11,12 Recently, Yang, Stamenkovic, et al.13 have
reported the synthesis of Pt−Ni nanoframes by employing a
chemical reduction of metal precursors followed by controlled
thermal treatment. The formed Pt−Ni nanoframe structure has
shown 36- and 22-fold enhanced mass and specific activity,
respectively. Similarly, recently, many more researchers have
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been involved in the synthesis of nonzero cage structures on
the basis of the Kirkendall effect and galvanic displacement
method and explored such materials for the application of
ORR.13−15 Many multimetallic nanocage structures have shown
improved performance and stability in fuel cell applica-
tions.11,16−18 This property modulation is credited to the
possible electronic changes, systematic atomic arrangement,
presence of more voids and edges, higher surface-to-volume
ratio, more accessible active sites, etc.9−15

In most cases, the adopted synthetic protocols such as
template-assisted methods (hard, soft, sacrificial templates),
chemical reduction methods, etc. are very tedious and time
demanding.11,18 At the same time, the interruption and surface
passivation of the metal by the organic and/or inorganic
structure directing agents make the chemistry very difficult in
achieving the desired product with definite geometry.11,17,18 In
parallel, during bulk synthesis, controlling simultaneously the
growth, size, and geometry of the crystal is a tricky job.
Therefore, achieving high and consistent energy and power
densities with these types of intermetallic electrocatalysts is a
very difficult task. Most of the nanocage structures have been
prepared with low energy density materials (such as Co-oxide,
Mn-oxide, Mg-oxide, etc.).11,17 Hence, there is less structural
stability under actual operating conditions. Therefore, a key
solution is to develop novel ORR electrocatalysts with high
energy density materials (such as Cu−Pt, Pd−Pt, Fe−Pt, etc.)
which could fulfill the requirement of efficient ORR activity
along with higher energy output in the Zn−air battery.
Traditional batteries normally follow a complicated intercala-
tion−deintercalation mechanism during the charge−discharge
process, which limits the actual achievable energy density by the
systems. In this perspective, substitution of the intercalation
material (cathode electrode) with a catalytically active ORR
electrode may solve the existing energy density issue of the
traditional storage devices.1−3 In this context, metal−air
batteries (mainly Zn−air) can be a very good option and can
attain a very high energy density of 1100 Wh kg−1, possibly due
to the absence of the intercalation process.1−3 Herein, we

demonstrate that utilization of a nanocage catalyst based on Cu
and Pt (CuPt-NC) can serve as a potential cathode material for
a Zn−air battery (Scheme 1) with enhanced activity and
durability characteristics. Recently, Lou et al. have synthesized a
Cu−Pt nanocage structure, which was investigated toward
methanol oxidation.17 The applications of such materials so far
have been mainly restricted to methanol oxidation.7,17,19

However, we observed that these types of systems possess
great potential to tackle the sluggish electrode kinetics in
metal−air batteries. Consequently, it is worthwhile to explore
their unique structural characteristics in electrocatalysis. Herein,
we report how a primary Zn−air battery fabricated by using
CuPt-NC structures as the cathode could outperform the
cathode derived from the state-of-the-art Pt/C catalyst. CuPt-
NC was prepared by in situ galvanic displacement reaction
between Cu particles and Pt ions by solvothermal methods.17

Here, the peculiar morphology, 3-D electrocatalytic surface, and
higher surface active area of CuPt-NC help the system to
provide high ORR activity in alkaline medium, which eventually
could be utilized in the battery system by deploying the
material as the cathode catalyst. In the present work, we have
specifically tried to find out the activity modulation
accomplished in the system by considering the structural
advantages such as the 3-D morphology, which leads to high
surface area, accessible active sites, and modulated property
characteristics of the active centers.

■ EXPERIMENTAL SECTION
Materials. Chloroplatinic acid (H2PtCl6·6H2O), copper(II)

acetylacetonate (Cu (acac)2), oleylamine, and cetyltrimethy-
lammonium bromide (CTAB) were procured from Sigma-
Aldrich, and toluene and ethanol were purchased from Thomas
Baker. The chemicals were used as such without any further
purification. Zn powder was purchased from J K Impex.

Synthesis of Cu−Pt Intermetallic Nanocage (CuPt-NC)
Structures. The Cu−Pt intermetallic nanocage structures have
been prepared by following the reported procedure.17 Briefly, 8
wt % of chloroplatinic acid solution was prepared in 200 mg of

Scheme 1. Schematic Representation of a Primary Zn−Air Battery with CuPt-NC as the Cathode
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oleylamine, and 20 mg of copper acetylacetonate was dispersed
in 8 mL of fresh oleylamine by sonicating it in a Branson water
bath sonicator. Subsequently, 50 mg of CTAB was added and
the sonication was extended for a further 30 min. The well-
dispersed solution was transferred into a 15 mL Teflon-coated
stainless steel autoclave and was subjected to heating at 180 °C
for 24 h. Finally, the reaction mixture was centrifuged at 10000
rpm and washed with a toluene/ethanol (3/2) mixture and the
material was dried at 60 °C in an oven. The material collected
after this stage was used as such for further characterization.
Structural Characterization. For high-resolution trans-

mission electron microscope (HR-TEM) analysis, a well-
dispersed catalyst solution was prepared by sonicating 1 mg
of the catalyst in 5 mL of isopropyl alcohol. This catalyst-
dispersed solution was drop-coated on a carbon-coated (200
mesh) Cu grid. The sample-coated grid was dried under a lamp
for 5 h, and the images were obtained on an FEI TECNAI G2
F20 instrument. The operation conditions are accelerated
voltage 200 kV, Cs = 0.6 mm, and resolution 1.7 Å. The
crystallinity of the catalyst was determined by recording X-ray
diffraction (XRD) patterns on a PANalytical instrument under
the conditions of wavelength (λ) 1.54 Å (Cu Kα radiation),
scanning rate 2° min−1, and step size 0.02° in 2θ. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a VG Micro Tech ESCA 300° instrument at a pressure
of >1 × 10−9 Torr (pass energy 50 eV, electron takeoff angle
60°, and overall resolution ∼0.1 eV).
Electrochemical Studies. A Bio-Logic (VMP-3) instru-

ment was used to investigate the electrochemical properties by
cyclic voltammetry (CV) and rotating-disk-electrode (RDE)
(Pine Instruments) studies in a conventional three-electrode
test cell with Hg/HgO as the reference electrode and platinum
foil as the counter electrode. Moreover, the potential value was
normalized with respect to the reversible hydrogen electrode
(RHE). Prior to the start of the electrochemical study, the

working electrode (glassy-carbon RDE) was polished with 0.3
μm alumina slurry and was sonicated for a few minutes in
acetone and then in DI water. The catalyst slurry was prepared
by sonicating 5 mg of the electrocatalyst in 1 mL of a 3/2
ethanol/DI water mixture, and subsequently this was drop-
coated on a previously polished glassy-carbon RDE. Moreover,
the coating was maintained to achieve a constant Pt loading of
10 μg, and then 5 μL of a 0.01 wt % Fumion solution (used as a
binder) was applied on the whole surface of the disk electrode
to yield a uniform thin film. Subsequently, the electrode was
dried under an IR lamp and was used as the working electrode
for the electrochemical investigations. An aqueous solution of
0.1 M KOH, deaerated with N2 gas, was used as an electrolyte
for the CV and RDE studies. Moreover, the measured current
was divided by the geometrical area of the glassy-carbon RDE
(0.19625 cm2).

Primary Zn−Air Battery Testing. To construct the Zn−
air battery, the air electrode was prepared by coating a
dispersed solution of CuPt-NC in isopropyl alcohol onto the
porous carbon paper (1 cm2) to achieve 2 mgPt cm

−2 loading
and paired with Zn powder coated porous carbon paper (anode
electrode) in 6 M KOH, which acts as the electrolyte. The
battery testing was performed at room temperature, and the
electrolyte was continuously purged with oxygen (0.2 standard
L min−1). The system showed an initial open circuit voltage of
1.3−1.4 V. Moreover, the voltage stability of the Zn−air battery
cell was tested at different discharge rates: viz., 20, 25, 30, and
35 mA cm−2. The results obtained with CuPt-NC were
compared with a system made by using commercially available
20 wt % Pt/C at the cathode, having similar loading. Similarly,
the steady-state polarization was measured with the same setup
under the continuous purging of oxygen at a potential scan rate
of 5 mV s−1.3 The electrodes were prepared by brush coating,
shown in Scheme S1 in the Supporting Information.

Figure 1. TEM images of (a) the CuPt-NC intermetallic nanocage structures indicating the good dispersion of CuPt-NC in solution, (b) HR-TEM
images of CuPt-NC (inset SAED pattern), and (c−e) the hexagonal, cubical, and pentagonal structures of CuPt-NC with their representative model
structure frameworks (inset), respectively.
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■ RESULTS AND DISCUSSION
Figure 1a displays homogeneous and well-dispersed distribu-
tion of the nanoparticles of CuPt-NC in solution. High-
resolution TEM (HR-TEM) images of CuPt-NC are given in
Figure 1b,c. The structures are found to be well organized
within the framework demarcated with distinguishing arms
having clear edges and corners (shown in Figure 1c−e with
white two-sided arrows and yellow circles). The HR-TEM
images clearly indicate the formation of cubical, pentagonal,
and hexagonal structures (Figure 1c−e) with an average size of
∼20 nm. A close inspection of the TEM images (Figure 1c−e)
reveals that these nanocages have an observable hollow
structure (the model structures are shown in the insets of
Figure 1c−e). Some of the particles, however, seem to be like
hexagonal stars because of their particular orientation. More-
over, the crystallinity of CuPt-NC is confirmed through a
selected area electron diffraction (SAED) pattern (Figure 1b,
inset). It has been documented that this kind of morphology
will be formed due to the complex chemistry between the metal
precursors and the surfactant and/or the reducing agent used
via the nanoengineering process. The nanoengineering of
CuPt-NC is mainly associated with the chemistry involved
during the synthesis (a detailed explanation is given in the
Supporting Information).11,17

Comparative X-ray diffraction patterns of CuPt-NC and Pt/
C are given in Figure 2. The well-distinguished peaks at 2θ =

39.9, 46.5, and 68.8° correspond to the (111), (200), and (220)
planes of the fcc crystal of Pt. Moreover, the clear difference in
the diffraction peak of CuPt-NC in comparison to Pt/C
validates the decrease in the d-spacing value (marked with the
black dotted line in Figure 2).17 However, in comparison with
the literature reports, it seems that the (111/200) ratio is lower
in the case of the alloys (1.24) in comparison to CuPt-NC
(2.01).17,20 The shift in the peaks certifies the lattice
contraction, which is attributed to the change in electronic
structure as well as the geometrical nature of the Cu−Pt
structure, which ultimately decreases the interatomic distance
of the Pt atoms.19−21

The mutual interaction between Cu and Pt in the
intermetallic structure and change in the electronic environ-
ment has also been confirmed through X-ray photoelectron
spectroscopic (XPS) investigation (Figure 3 and Figure S2 in

the Supporting Information). The full survey scan of CuPt-NC
has shown in Figure S2a. The presence of Cu, Pt, and O is
marked in the figure. Subsequently, the deconvoluted XPS of
Cu shown in Figure 3a, which gives two peaks at 933.08 and
953.20 eV, which are assigned to Cu 2p3/2 and 2p1/2,
respectively. Moreover, the characteristic satellite peaks are
observed at ∼942 and ∼962 eV of Cu 2p3/2 and 2p1/2,
respectively. The satellite peaks also can be deconvoluted,
which show the presence of two subpeaks, attributed to the Cu
present in two different oxidation states.16 Moreover, XPS of Pt
shows the presence of four peaks originating from the spin−
orbit splitting of Pt 4f7/2 and 4f5/2 (Figure 3b). The peaks at
binding energies of ∼71.6 (Pt 4f7/2) and 74.9 eV (Pt 4f5/2) are
attributed to the Pt0 state and the peaks at 72.8 and 76.5 eV are
assigned to the Pt+x state of the CuPt-NC structures. However,
in the case of Pt/C, the 4f7/2 and 4f5/2 peaks appear at slightly
lower binding energy: i.e., 71.2 and 74.4 eV (Figure S4). The
relatively high intensity of Pt0 with respect to that of Pt+x shows
that the Pt in both the catalysts is principally metallic in nature.
Moreover, the shift in the binding energy of Pt peaks for CuPt-
NC indicates the effective charge transfer between Cu and Pt,
possibly due to the change in the electronic structure of Pt in
the case of CuPt-NC.17,21 XPS profiles of Pt 4f, C 1s, and O 1s
of 20 wt % Pt/C are shown in Figure S4 in the Supporting
Information. Moreover, the relative composition of the Cu to
Pt in CuPt-NC has been calculated from the XPS data and is
found to be 1:1.023. Subsequently, the Cu:Pt stoichiometry is

Figure 2. Comparative X-ray diffraction patterns of 20 wt % Pt/C and
CuPt-NC.

Figure 3. Deconvoluted XPS: (a) Cu 2p of CuPt-NC; (b) Pt 4f of
CuPt-NC.
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found to be 3:1 in CuPt-NC (detailed explanation is given in
the Supporting Information).
The formed nanocage structures possess a beautiful open-

faceted hollow geometry with ordered atomic arrangement
within the structure. As already shown in Figure 1, CuPt-NCs
are formed by interconnected arms of CuPt which are arranged
into a 3-D network. To get a clear and easy understanding of
the formed structures, the model structures are also shown in
the insets of Figure 1c−e. It seems that the formed CuPt-NCs
are hollow structures possessing open facets in all directions. In
addition, these open facets increase the overall active sites and
provide easy molecular accessibility within the structure. In
view of this, we termed this open 3-D structure having facile
molecular accessibility as a 3-D electrocatalytic surface.13,17

Furthermore, to investigate the electrochemical activity of
CuPt-NC, we have carried out cyclic voltammetry (CV)
analysis and linear sweep voltammetry (LSV) (Figure S6 in the
Supporting Information). Moreover, for comparison, we have
done similar investigation with commercial 20 wt % Pt/C
(Figure S5 in the Supporting Information). Figure 4

summarizes the comparative electrochemical results of CuPt-
NC with 20 wt % Pt/C performed in 0.1 M KOH. The
comparative CV of CuPt-NC and Pt/C is presented in Figure
4a. The CV features are similar to those of the polycrystalline
Pt electrode.17 In both CVs, the hydrogen adsorption−
desorption and oxygen reduction peaks appear in the potential
ranges 0.1−0.4 V, and 0.6− 1 V (vs RHE), respectively. The
peak integral of the hydrogen desorption region gives charge
values equal to 1.43 and 1.23 mC for CuPt-NC and Pt/C,
respectively. The obtained ECSA and roughness factor (RF) for
CuPt-NC are 68 m2 gPt

−1 and 34.65, respectively, whereas the
corresponding values for Pt/C are 58.57 m2 gPt

−1 and 29.85,
respectively (details of the calculations are provided in the
Supporting Information). The slight increment in ECSA for the
former could be assigned to the higher number of accessible Pt
active sites of CuPt-NC in comparison to Pt/C. CV results
show that CuPt-NC has a positive onset potential shift as well

as a higher peak current density for oxygen reduction in
comparison to Pt/C (Figure 4a).
In addition, a hydrodynamic voltammogram for the ORR

using RDE techniques has been recorded by varying the
rotation speed of the working electrode from 400 to 2500 rpm
(Figures S5b and S6b in the Supporting Information). It has
been observed that the current increases with an in increase in
the rotation speed of the working electrode, which clearly
reveals the facile mass transport of oxygen to the electrode
surface (details about the RDE and related equations are given
in the Supporting Information). Moreover, the exact
mechanism of the ORR has been confirmed through the
Koutecky−Levich (K-L) analysis and the obtained K-L plots
are shown in Figures S5d and S6d in the Supporting
Information. The K-L plots show good linearity, which is
assigned to the first-order kinetics of ORR, and both catalysts
are found to follow similar mechanistic pathways.22 The
number of electrons (n) transferred during the reaction has
been obtained from the slope of the K-L plot, which is found to
be ∼4 (Figure 4b). Moreover, the reciprocal of the intercept of
the K-L plot provides the kinetic current (Figure 4b). It has
been observed that CuPt-NC (1.49 × 10−3 mA) has shown
kinetic current improved by 1 order of magnitude in
comparison to Pt/C (6.34 × 10−4 mA), which highlights the
structural benefit of the nanocage over the spherical particles
toward the ORR. Further into the mechanism of ORR and
quality of the electrocatalyst can be obtained from Tafel
analysis and mass and specific activity comparisons. In view of
this, comparative mass transport corrected Tafel plots, which is
a graph of E vs log |jk|, are given in Figure S7 in the Supporting
Information. The Tafel slopes of Pt/C and CuPt-NC are found
to be ∼77.40 and ∼69.94 mV decade−1, respectively. It should
be noted that the Tafel slope provides an indication of the
actual mechanism taking place on the electrode surface and is
related to the state of the adsorbed oxygen species and its
coverage variation with respect to the potential. The lower
Tafel slope obtained in the case of CuPt-NC stands out as an
important indicator of its improved performance, which
originates from the facile oxygen adsorption and the
subsequent reduction processes on the nanocage surface.21

Details about the calculation of mass-corrected kinetic current
are given in the Supporting Information. We have also
calculated the mass and specific activity of Pt/C and CuPt-
NC at 0.9 V (vs RHE), as shown in Figure S8 in the Supporting
Information. CuPt-NC exhibits a mass activity of 0.32 A mgPt

−1,
which is 2.9-fold higher than that of the Pt/C catalyst (0.11A
mgPt

−1) at 0.9 V (vs RHE). Moreover, CuPt-NC displays a
specific activity (calculated at 0.9 V (vs RHE)) of 0.47 mA
cm−2, which is 2.5-fold higher in comparison to Pt/C (0.19 mA
cm−2) (Figure S8). This improved mass activity and specific
activity of CuPt-NC over Pt/C is mainly credited to the well-
defined atomic arrangement, overall structural integrity, and
higher number of active centers of the open-faceted nanocage
framework (details on the mass activity and specific activity
calculation are given in the Supporting Information).
To fulfill the desire for the effective utilization of CuPt-NC in

realistic applications, stability in an electrochemical environ-
ment is an obligatory requirement. Therefore, the ADT has
been performed by potential cycling (1000 cycles) in a
potential window of 0.5−1.3 V (vs. RHE), with a voltage
scan rate of 50 mV s−1 in oxygen-saturated 0.1 M KOH
solution, at room temperature. LSV has been recorded before
and after ADT to investigate the performance degradation.

Figure 4. Comparative electrochemical data of CuPt-NC with 20 wt %
Pt/C: (a) CV recorded in N2-saturated 0.1 M KOH at 50 mV s−1; (b)
K-L plots of Pt/C and CuPt-NC made at 0.7 V (vs RHE); (c, d) LSVs
taken before and after ADT, recorded in O2-saturated 0.1 M KOH
with a scan rate of 10 mV s−1 at 1600 rpm.
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Figure 4c,d shows the comparative LSVs of CuPt-NC and Pt/
C, before and after ADT, respectively. After 1000 cycles, the
half-wave potential (E1/2) is decreased by 78 and 30 mV for Pt/
C and CuPt-NC, respectively (Figures S5c and S6c in the
Supporting Information, Table 1). Moreover, the limiting
current is also found to be better for CuPt-NC in comparison
to that of Pt/C (Figures S5c and S6c and Table 1). Moreover,
CuPt-NC (onset potential is 0.95 V) has shown a 50 mV
positive onset potential shift in comparison to Pt/C (onset
potential is 0.90 V) (Figure 4c,d and Table 1). Furthermore,
the difference in E1/2 between the CuPt-NC and Pt/C systems
is found to be 40 and 80 mV before and after ADT (Figure
4c,d). The observed higher limiting current for CuPt-NC in
comparison to that of Pt/C could be attributed to the improved
diffusion of oxygen and, subsequently, to its better interaction
with the active sites located in CuPt-NC. Furthermore, both
catalysts follow the direct reduction mechanism of ORR
involving the four-electron transfer, which produces OH−

(Figures S5d and S6d). The better productivity of CuPt-NC
is mainly attributed to its structure, which ultimately provides a
higher number of the catalytically active sites, easily accessible
space, synergetic effect of Cu and Pt, etc. The sites are more
favorable for the dissociative adsorption of oxygen during ORR
in alkaline medium.
Furthermore, to understand the exact cause behind the

decrease in the limiting current and change in half-wave
potential value, we have done the comparative compositional
analysis of CuPt/NC by an XPS study,23 before (Figure 3 and
Figure S2 in the Supporting Information) and after (Figure S3
in the Supporting Information) ADT. CuPt-NC has shown
46.44, 47.52, and 6.06 wt % of Cu, Pt, and O, respectively,
before ADT. After ADT, the amounts corresponding to Cu, Pt,
and O are found to be 46.14, 47.22, and 6.64 wt %, respectively.
A close analysis of the XPS data reveals that the relative
composition of the metals (i.e., Cu:Pt) is the nearly same
(1:1.023) and the stoichiometric ratio is also found to be the
same (Cu:Pt is 3:1) before and after ADT. However, more
interestingly, the amount of O is found to be slightly increased
from 6.06 to 6.64 wt %. This indicates higher oxidation of the
surface metal atoms during ADT without affecting their relative
metal composition (Cu:Pt = 1:1.023) and stoichiometry
(Cu3Pt). In other words, the obtained results stand out as a
proof for the structural integrity of the intermetallic hollow
CuPt-NC structure. The increased oxygen weight percent at
the surface might be a reason for the decrease in the half-wave
potential and limiting current of CuPt-NC after 1000 cycles of
ADT because the increased O weight percent might be due to
the higher oxidation of the active metal centers. On the other
hand, in the case of Pt/C, the main reason for the decrease in
the limiting current is attributed to the higher oxidation of the
carbon support under the potential cycling in a window of 0.5−
1.3 V (vs RHE). The oxidation of the support may leave naked
Pt nanoparticles, which results in aggregation of the particles,
leading to a decrease in the surface-to-volume ratio and thereby
the overall activity. Hence, the aggregation of Pt particles in the

case of Pt/C and higher oxidation of active metal centers in the
case of CuPt-NC could be the reasons for the decrease in the
limiting current.
The superior ORR activity of CuPt-NC as evident from the

RDE study, however, is not sufficient to conclude that the
system can ensure an enhanced performance in a practical Zn−
air battery, because the concentration of the dissolved oxygen
will be different in the electrolyte used for the LSV investigation
(0.1 M KOH) and the electrolyte used in the battery testing (6
M KOH). Along with this, the overall performance will also be
decided by the formation of an effective triple-phase boundary,
which could be effectively tackled in the case of a nanocage
structure. Hence, it is necessary to analyze the material under
similar electrolyte conditions which are favorable for the Zn−
air battery.
The fabricated Zn−air battery is composed of CuPt-NC as

the air electrode material (cathode), Zn powder as the anode
material, and 6 M KOH as the electrolyte (Scheme 1). Instead
of using Ni foil or any other kind of oxygen evolution (OER)
materials, we coated the CuPt-NC catalyst on a polytetrafluoro-
ethylene (PTFE) treated carbon paper (active area 1 cm2),
which avoids additional intrinsic electrochemical activity
interference within the system. In principle, Zn undergoes
oxidation at the anode and oxygen gets reduced at the cathode.
The actual reaction mechanism is shown in the Supporting
Information. Here, we have compared the performance of the
CuPt-NC coated electrodes for ORR in the primary Zn−air
battery with that of the commercially available Pt/C. The
cathode Pt loading was kept as 2 mg cm−2 in both systems. The
detailed electrode fabrication is given in the Experimental
Section. The Zn powder and CuPt-NC coated carbon papers
were dipped in 6 M KOH solution, and oxygen was purged at
the cathode side. The separately fabricated Zn−air battery
setups with CuPt-NC and Pt/C as the air electrodes have
shown open circuit potentials of ∼1.4 and ∼1.3 V (Figure 5a
and Figure S9 in the Supporting Information), respectively.
The improved open circuit potential in the case of the system
having CuPt-NC as the cathode is attributed to the higher
number of active centers and ECSA possessed by CuPt-NC,
which has already been confirmed through cyclic voltammetric
investigations. The comparative steady-state polarization curves
of CuPt-NC and Pt/C as the cathodes are shown in Figure 6.
The CuPt-NC based device shows a current density of 253.8
mA cm−2, whereas the device based on Pt/C gives a current
density of 188.8 mA cm−2 at a voltage of 1 V (Figure 6).
Moreover, the peak power density is found to be 1.3-fold higher
for the CuPt-NC as an air electrode in comparison to Pt/C
(Figure 6). The improved current density at 1 V and the peak
power density of the device fabricated with CuPt-NC as the air
electrode is mainly attributed to the higher ORR activity of
CuPt-NC over Pt/C. In addition, to investigate the robustness
of the primary Zn−air batteries made with CuPt-NC over those
made with Pt/C, the system was subjected to galvanostatic
discharge and the polarization curve was recorded at different
discharge current rates ranging from 20 to 35 mA cm−2. No

Table 1. Summary of the Electrochemical Analysis

before ADT after ADT

sample
name

onset
potential (V)

E1/2
(V)

limiting current (mA
cm−2)

onset
potential (V) E1/2 (V)

limiting current (mA
cm−2)

decrease in limiting
current (%)

ΔE1/2
(V)

Ik @ 0.7 V
(mA)

Pt/C 0.90 0.806 5.75 0.9 0.728 5.0 13 0.078 6.34 × 10−4

CuPt-NC 0.95 0.846 6.25 0.95 0.816 6.0 4 0.030 1.49 × 10−3
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abrupt potential drop is observed for a long time, showing the
absence of any catastrophic failure of the integrated assembly

with CuPt-NC as the cathode (Figure 5a). The higher
discharge stability obtained for CuPt-NC (∼14 h, Figure 5a)
in comparison to Pt/C (∼12 h, Figure S9), at a discharge rate
of 20 mA cm−2, is attributed to the higher ORR activity of
CuPt-NC in the battery and its inherent structural integrity. As
the galvanostatic discharge continues, the Zn undergoes
oxidation, becoming thinner and thinner. Ultimately, the
electrolyte accumulates more and more Zn salts and the
battery eventually stops functioning once all of the Zn metal is
consumed (Figure 5a and Figure S9). In addition, the specific
capacity is found to be better for CuPt-NC in comparison to
Pt/C (Figure 5b, discharge rate 20 mA cm−2). The specific
capacity calculated by normalizing current with the mass of the
consumed Zn5 (∼0.5 g) is 560 and 480 mAh gZn

−1 for CuPt-
NC and Pt/C, respectively. Correspondingly, CuPt-NC has
shown a high energy density of 728 Wh kgZn

−1 in comparison
to Pt/C (624 Wh kgZn

−1). The superior activity for CuPt-NC is
mainly credited to its peculiar structure, which helps the system
to effectively maintain active center density and easily accessible
space along with the electronic modulations affected in the
system, which facilitates effective dissociation of oxygen.
Therefore, the obtained system could be developed with
many more different metals and could be utilized for many
more electrochemical applications such as metal−air batteries,
fuel cells, etc.

■ CONCLUSIONS
CuPt-NC intermetallic nanocage structures have been synthe-
sized by a simple solvothermal method via an in situ galvanic
displacement reaction between Cu and Pt, and their enhanced
oxygen reduction activity and stability in comparison to those
of Pt/C in alkaline solution could be explored. CuPt-NC has
shown 2.9- and 2.5-fold improved mass activity and specific
activity, respectively, for ORR at 0.9 V vs RHE in comparison
to Pt/C. Utilization of CuPt-NC as the air cathode in a primary
Zn−air battery delivered 1.30 and 1.34 times improved power
density and current density at 1 V, respectively, in comparison
to that of the state-of-the-art Pt/C catalyst. Moreover, during
the primary Zn−air battery testing, CuPt-NC led to a superior
specific capacity and energy density (560 mAh gZn

−1 and 728
Wh kgZn

−1, at a discharge rate of 20 mA cm−2), in comparison
to the performance of the system possessing Pt/C as the
cathode (480 mAh gZn

−1 and 624 Wh kgZn
−1, at a discharge rate

of 20 mA cm−2). In particular, CuPt-NC, with its high density
of surface defects, potentially offers more active site density for
facilitating efficient dissociative adsorption of oxygen, resulting
in improved ORR activity. The synergetic interaction between
Pt and Cu also plays a favorable role in the efficient adsorption
and bond polarization of oxygen. The primary Zn−air batteries
prepared with CuPt-NC electrocatalyst are found to be very
robust, which indicates the survivability of the system under the
electrochemical environment conditions.

■ ASSOCIATED CONTENT
*S Supporting Information
The following file is available free of charge on the ACS
Publications website at DOI: 10.1021/cs501571e.

Schematic representation of the cathode and anode
electrodes prepared by coating CuPt-NC and Zn powder
on polytetrafluoroethylene (PTFE) treated carbon paper,
TEM images of the commercially available 20 wt % Pt/C,
XPS full survey scan of CuPt-NC, O 1s spectra of CuPt-

Figure 5. (a) Discharge curves of a primary Zn−air battery performed
with different discharge current densities (20−35 mA cm−2) until the
complete consumption of Zn. (b) Comparative specific capacity vs
potential plot of CuPt-NC and 20 wt % Pt/C at a discharge current
density of 20 mA cm−2. The plots in Figure 5b are created from the
data of Figure 5a and Figure S9 in the Supporting Information, by
normalizing the values with the amount of Zn consumed (∼0.5 g).
Conditions: anode, Zn powder coated carbon paper; cathode, CuPt-
NC or Pt/C coated carbon paper (2 mgPt cm

−2); electrolyte, 6 M
KOH; active area, 1 cm2.

Figure 6. Comparative steady-state polarization curves (I−V) and
corresponding power density plots of the batteries fabricated by using
CuPt-NC and Pt/C as the cathode catalysts. Conditions: anode, Zn
powder coated carbon paper; cathode, Pt/C or CuPt-NC coated
carbon paper (2 mgPt cm

−2); electrolyte, 6 M KOH; active area, 1 cm2.
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NC before ADT, XPS of Cu 2p, Pt 4f, and O 1s of CuPt-
NC after ADT, XPS of the commercially available 20 wt
% Pt/C along with deconvoluted XPS of Pt 4f, C 1s, O
1s spectra, comparative CV, LSV at different rpm,
stability test, Tafel plot, K-L plots at different potentials
of Pt/C and CuPt-NC, comparative mass and specific
activity plots of Pt/C and CuPt-NC, and discharge test
(at different current densities) of the primary Zn−air
battery for Pt/C as cathode (PDF)
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