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ABSTRACT: Nitrogen-doped/undoped thermally reduced graphene oxide (N-rGO)
decorated with CoMn2O4 (CMO) nanoparticles were synthesized using a simple
one-step hydrothermal method. The activity and stability of this hybrid catalyst
were evaluated by preparing air electrodes with both primary and rechargeable
zinc−air batteries that consume ambient air. Further, we investigated the
relationship between the physical properties and the electrochemical results for
hybrid electrodes at various cycles using X-ray diffraction, scanning electron
microscopy, galvanodynamic charge−discharging and electrochemical impedance
spectroscopy. The structural, morphological and electrocatalytic performances
confirm that CMO/N-rGO is a promising material for safe, reliable, and long-
lasting air cathodes for both primary and rechargeable zinc−air batteries that
consume air under ambient condition.
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1. INTRODUCTION

Compared with other chemical-based batteries, metal−air
batteries, as a result of their high theoretical energy densities,
can contribute greatly to address the problems involved in the
rapid growth of applications, particularly in the fields of electric
and hybrid electric vehicles.1−4 Among the various metal−air
batteries, the zinc−air battery has been considered as an attrac-
tive choice because of its unique benefits, such as low cost,
safety, and environmental benignity.1,5−9 Because of the
drawbacks accompanying the commercialization of zinc−air
batteries, such as the slow kinetics of the oxygen reduction
reaction (ORR) and the oxygen evolution reaction (OER),
which result in large overpotentials, tremendous interest has
been devoted to the development of more highly efficient,
alternative novel bifunctional electrocatalysts that are effective
for both ORR and OER processes.7,10−18 Given this back-
ground, there has been massive development of new bifunc-
tional air-breathing cathode materials, with promising electro-
catalystic activity that could significantly reduce the over-
potential and enhance the cyclic stability toward the realization
of a rechargeable zinc−-air battery. Chen et al.19 reported that
Co3O4 nanowires directly grown on a stainless steel mesh cur-
rent collector exhibited remarkable rechargeability and stability
in a practical zinc−air battery using natural air. Dai et al. inves-
tigated a CoO/carbon nanotube hybrid with Ni−Fe-layered

double hydroxide electrocatalysis for primary and rechargeable
Zn−air batteries.8 High electrocatalytic activities of hybrid
MnO2/Co3O4 nanoparticles have been reported by Liu et al.6

and Lee et al.17 reported that a layered perovskite structure can
serve as an efficient bifunctional electrocatalyst with improved
round-trip efficiency as well as high stability during cycling
for a zinc−air battery. Chen et al. showed that a core−corona
structured LaNiO3 supporting with nitrogen-doped carbon
nanotubes had outstanding ORR and OER activity in
rechargeable zinc−air batteries.14 Recently, we investigated
the use of spinel materials like 1D-NiCo2O4 and CoMn2O4/N-
rGO as bifunctional air electrodes for zinc−air batteries under
pure oxygen atmosphere.10,11

The complex steps involved in metal−air batteries arise from
cathode compartments with bifunctional catalysts; these com-
partments have to work with a triple phase interface composed
of oxygen gas, liquid electrolyte, and solid catalyst. There are
several potential problems with these cathode compartment: (i)
mechanical breakdown generated on the catalyst from the air−
cathode surface caused by oxygen evolution during charging;
(ii) atmospheric CO2 can react with hydroxyl ions to form
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carbonates; (iii) formation of discharge product ZnO deposit
on the surface can lead to severe failure of the air cathode,
which will limit the lifetime of a zinc−air battery with a large
overpotential.1 Therefore, it is quite reasonable to understand
the structure and morphological changes that occur on a bi-
functional air electrode when it is cycled with strong alkaline
medium, consuming air under ambient condition. Such evi-
dence is vital to the successful development of practical storage
devices.19−25 Previously, for academic interest, we studied the
preliminary electrocatalytic performance of graphene supported
CoMn2O4 (CMO) nanoparticles using pure oxygen atmos-
phere.10 From a commercial point of view, this is a very
important area of study for the development of zinc−air batteries
that operate in ambient air condition instead of utilizing a pure
oxygen atmosphere.26,27 To the best of our knowledge, for the
first time, we here correlate the electrode surface chemistry,
morphology, and cycling efficiency at various charging−
discharging cycles over graphene supported CMO bifunctional
catalysts in a rechargeable zinc−air battery under practical
conditions.

2. EXPERIMENTAL SECTION
Graphene oxide (GO) was prepared from graphite flakes using
a modified Hummers’ method.28 The hybrid materials CMO/rGO,
CMO/N-rGO, and CMO were prepared using a one pot hydro-
thermal method. A typical synthesis of CMO/N-rGO was carried out
as follows: 33 mg GO was dispersed in 100 mL of ethanol, followed by
the addition of 1.65 mL of 0.2 M cobalt acetate, 3.65 mL of 0.2 M
manganese acetate, and 2.08 mL of NH4OH. The mixture was refluxed
at 80 °C for 10 h, transferred to an autoclave, and heated at 150 °C for
3 h. The sample was rinsed with water and ethanol and dried at 70 °C
overnight. In contrast, CMO/rGO hybrid was prepared using the same
process, but without NH4OH and CMO nanoparticles prepared
without either GO or nitrogen sources.10,29,30

The thermal stability of the catalysts was studied using a thermo-
gravimetric analyzer (Rigaku, TG 8120) from 30 to 1000 °C at
a heating rate of 10 °C/min in air atmosphere. The structural stability
of the cycled electrodes was studied using an X-ray diffractometer
(Rigaku) after the cells were dismantled and the air-breathing
electrodes were recovered. The morphology of the graphene
supported CMO bifunctional catalysts before and after cycling was
analyzed using a field emission-scanning electron microscope
(FE-SEM, Hitachi). Decoration of CMO nanoparticles on the graphene
support was observed using a field emission-transmission electron
microscope (FE-TEM, Hitachi). The rechargeability of the zinc−air
battery was determined using a split test cell (EQ-STC-MTI-Korea).
The electrodes were fabricated with an active material, isopropyl
alcohol (IPA), and 5 wt % Nafion ionomer solutions at a weight ratio
of 9.4 mg:1 mL:67 μL coated on a gas diffusion layer (SGL, thick-
ness = 0.27 mm). Air electrodes with geometrical area of 2.54 cm2

were coated with 3 mg of catalyst using an airbrush to achieve a
loading of 1.18 mg cm−2. A polished zinc plate was the negative
electrode (anode), a Whatman glass microfiber filter membrane was
used as a separator, and 6 M KOH was used as the electrolyte. The
charge−discharge studies were carried out using a Battery Analyzer
(BST8−3); battery cells consumed air under ambient condition. The
impedance spectra of the cells were measured at a dc potential of 0.8 V
with an ac signal amplitude of 10 mV and a variable frequency range
from 10 kHz to 10 mHz. More details of the material preparation and
electrode fabrication were presented in our previous studies.10,11

3. RESULTS AND DISCUSSION

3.1. Thermal and Morphology Effects. The actual load-
ing of CMO nanoparticles anchored on the surface of rGO was
determined by TGA analysis (Figure 1). During a subsequent
heat treatment, functional groups of GO were simultaneously

reduced by Co and Mn metal ions when Co−Mn hydroxide
was transformed into CoMn2O4.

31 Further, residual functional
groups of GO were reduced and nitrogen-doped by ammonia,
which enhanced the thermal stability of the N-rGO compared
with that of the pristine GO sheets (Figure 1). The thermo-
gram shows that the rGO sheets were completely burned off
at 800 °C, while CMO is stable throughout the temperature
range. The weight loss values at 800 °C, which were found to
be 30 and 31%, can be attributed to the support from the
hybrids of CMO/rGO and CMO/N-rGO, respectively. On the
basis of the TGA weight loss, the mass ratio of CMO/rGO was
calculated and found to be 7/3.15,32

SEM images of hybrid materials show that spherical CMO
nanoparticles with an average diameter of 20 nm are uniformly
dispersed on the wrinkled N-rGO sheets, whereas the CMO/
rGO hybrid reveals that larger particles with an average
diameter of 30 nm are randomly dispersed on and outside of
the rGO supports (Figure 2). Without the rGO support, the as-
prepared CMO particles (∼40 nm) are larger than the hybrids
and the particles are highly agglomerated due to lack of a
supporting layer to prevent the CMO nanoparticles from
aggregation. Figure 3a−f shows the typical TEM and HRTEM
images of the as-synthesized hybrid nanoparticles. It can be
seen from the TEM image that the GO sheets have been
exfoliated and the CMO nanoparticles are well decorated. The
HRTEM images of CMO/N-rGO confirms the good crystalline
nature, with a nice distribution of CMO nanoparticles on the
N-rGO surface.29,30,33 The inter layer spacings are found to be
0.15, 0.25, and 0.29 nm, corresponding to the (224), (211), and
(200) planes of the tetragonal phase CMO nanoparticles
(JCPDS card no. 077−0471).34 Further, from the TEM
elemental mapping (Figure 4), we can see the uniform distribu-
tion of Co, Mn, O, C, and N elements in the CMO/N-rGO
hybrid materials, indicating that the doped nitrogen is
uniformly distributed in the rGO.15 The distribution of
nitrogen functional groups was identified from XPS spectrum
and it was observed that pyridinic nitrogen group content was
predominant (55 wt % of pyridinic nitrogen at 399.1 eV and
15% of quaternary nitrogen at 402.1 eV is usually functioning as
electro catalytic active sites than 30 wt % of pyrrolic nitrogen at
400.3 eV).10,35 The deconvoluted Co 2p XP spectrum exhibits
two spin orbit doublets of Co2+ and Co3+ along with two
shakeup satellites peaks (see Figure S2 in the Supporting
Information). On the other hand Mn 2p spectrum was fitted
with four peaks, indicate the existence of Mn in both Mn2+ and
Mn3+. The high-resolution XPS spectra of Co 2p, Mn 2p, and
O 1s shifted to positive binding energy after doping with

Figure 1. Thermograms of GO, rGO, N-rGO, CMO, CMO/rGO, and
CMO/N-rGO with a heating rate of 10 °C/min in air atmosphere.
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nitrogen in the rGO hybrid, which undoubtedly further
confirms the strong interaction between CMO and N-rGO
surface (see Figure S2 in the Supporting Information).10

This feature might be beneficial for enhancing the elec-
trocatalytic behavior, which will be discussed in subsequent
sections.
3.2. Primary Zinc−Air Battery. To understand the

practical stability of the hybrid catalyst under deep discharging
state, we first constructed a primary zinc−air battery and the
battery was discharged it at room temperature to a 0.5 V limit
with a current density of 20 mA cm−2; the battery consumed
air under ambient condition (Figure 5a). Both catalysts

showed open circuit voltage at ca. 1.5 V vs Zn, followed by a
well-defined plateau region at ca. 1.15 V over 12 h; this shows
the outstanding stability of the hybrid materials toward the
oxygen reduction reaction. The overall reduction reaction mecha-
nism in the primary zinc−air battery is
Cathode:

+ + → =− − EO 2H O 4e 4OH ( 0.4V)2 2 0 (1)

Anode:

→ ++ −Zn Zn 2e2 (2)

+ → = −+ − − EZn 4OH Zn(OH) (soln) ( 1.25V)2
4

2
0

(3)

→ + +− −Zn(OH) (soln) ZnO(s) H O 2OH4
2

2 (4)

Parasitic anode reaction:

+ → + ↑Zn 2H O Zn(OH) H2 2 2 (5)

Parasitic cathode reaction:

+ → +2KOH CO K CO H O2 2 3 2 (6)

In general, the equilibrium potential of the zinc−air battery
should be 1.65 V, but both hybrid electrodes showed a plateau
region at ca. 1.15 V; which is due to the sluggish four-electron
oxygen reduction reaction, caused by internal, ohmic, and
concentration losses.1 A discharge capacity of 460 mAh g−1 was
observed for the CMO/rGO hybrid cathode, whereas an
improved capacity of 610 mAh g−1 was achieved for the CMO/
N-rGO hybrid (Figure 5b). The obtained discharge capacity
value is comparable to those of primary Zn−air batteries
constructed using CoO/N-CNT8 and one-dimensional

Figure 2. SEM images of (a) CMO/rGO; (b) CMO/N-rGO; and (c)
CMO nano particles.

Figure 3. TEM and HRTEM image of (a) GO; (b, c) CMO/rGO;
and (d−f) CMO/N-rGO hybrid.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5047476 | ACS Appl. Mater. Interfaces 2014, 6, 16545−1655516547



NiCo2O4-based
11 cathode materials. From the OCV, plateau

region, discharge time, and discharge capacity of CMO/N-rGO
has outperformed CMO/rGO as a result of the increase in its
electronic conductivity due to N-doping in rGO, which induces
extra charge carriers with the positive effect of pyridinic and
graphitic-nitrogen and the morphological effect.18 Furthermore,
nitrogen doped on the graphene layer creates graphene edge
defects, which will push the edge sites to adsorb more oxygen
molecules and enhance the catalytic activity of the zinc−air
battery during deep discharging.36,37

3.3. Rechargeable Zinc−Air Battery. Our preliminary
results show that a strong chemical coupling between CMO
nanoparticles anchored on N-rGO support lead to an
outstanding bifunctional catalytic activity in alkaline condition
compared with a noble metal catalyst (Pt/C) in Zinc-Air
battery (ΔE = 0.86 V; 150 mV better than rGO support) and
half-cell measurement (ΔE = 0.86 V; 60 mV better than rGO
support) systems that consume pure oxygen (Table 1).10 In
this study, we investigate the rechargeability and durability of
bifunctional air electrodes that consume air under practical
conditions. The zinc−air battery was tested with short (10 min)
and long intervals (1and 2 h) cycles, while consuming air
under an ambient condition instead of using pure oxygen gas.
The charge−discharge (C−D) performances of the hybrids
CMO/N-rGO and CMO/rGO over 200 cycles are presented in

Figure 6a−c. The possible charging mechanism for the zinc−air
battery is explained as

+ → +− − −Zn(OH) 2e Zn 4OH4
2

(soln) (7)

→ + +− −4OH O 2H O 4e2 2 (8)

During the C−D process, the Zn/Zn2+ redox reaction at the
anode and the oxygen reduction-evolution reaction on the
cathode occur simultaneously. During discharge conditions,
zinc metal is oxidized at the anode, while oxygen is reduced to
hydroxide ion on the cathode surface via four electron-transfer
reaction (calculated using a K−L plot at different potentials as
described in our previous report);10 the hydroxide ion react
with Zn2+ to form a soluble zincate (Zn(OH)4

2−) ion, which is
further dehydrated to form ZnO, a white solid product which
acts as an insulator, making rechargeability a challenging task
(based on eqs 1-4). Simultaneously, a pair of undesired reac-
tions between positive and negative electrode materials occur
(eqs 5 and 6): (i) the zinc metal reacts with the alkaline
electrolyte (KOH), resulting in the formation of Zn(OH)2 and
the generation of hydrogen gas, which causes a gradual corrosion
of the zinc metal at anode; and (ii) CO2 from ambient air reacts
with the alkaline electrolyte, which leads to the formation of
carbonate (K2CO3) deposited on the cathode surface which
lowering the performance.38 In the case of charging, there are
various complicated steps involving and difficult reverse process

Figure 4. TEM elemental mapping of CMO/N-rGO hybrid: (a) bright-field TEM image; (b) overlay images; (c) N−K edge; (d) Co−K edge; (e)
Mn−K edge; and (f) O−K edge.
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of the discharging process, with the evolution of oxygen at the
air cathode surface (based on eqs 7 and 8).23,39 Using CMO/
N-rGO catalyst, the initial potential gap between the charge and
discharge was about 0.7 V; this value slowly increased to 1.06 V
after 200 cycles, but, in the case of CMO/rGO, the value
increased to 1.23 V from 0.95 V, as shown in Figure 6a, d. From
the battery performance, it can be seen that the CMO/N-rGO
hybrid shows lower overpotential with minimal fluctuation in
the potential gap when compared with those characteristics
of the CMO/rGO catalyst. These differences are the result of
N-doping on CMO/rGO, which creates more active sites
during the cycling than is the case for CMO/rGO materials. In
addition, the CMO/N-rGO catalyst showed perfect flat
potential curves for both discharge and charge process, whereas
CMO/rGO showed an almost flat region within this interval
(Figure 6a). In our previous report, we have shown that the
charge−discharge property of hybrid catalysts under oxygen
environment.10 So, it would be interesting to compare the
overpotential required for charge−discharge process under
different atmospheres, from pure oxygen to air under ambient

condition.16 For the CMO/N-rGO catalyst, the potential gap
slowly increases from 0.70 to 0.86 V after 100 cycles when pure
oxygen is used, whereas in ambient air condition the potential
gap increased to 0.93 V from 0.86 V. In the case of CMO/rGO,
the potential gap increases from 0.71 to 0.95 V after 100 cycles
in pure oxygen, while this value increased to 1.1 V from 1.01 V
in ambient air (Figure 6d, Table 1). Consequently, both cata-
lysts showed slightly higher overpotential under ambient air
condition than they did in pure oxygen because of the lower O2

concentration in ambient air and noticeable carbonate for-
mation on the cathode surface.16 For a better practical under-
standing, the long-term cyclability (1 and 2 h cycles) of hybrid
electrodes was tested and compared with that of electrodes
using noble Pt/C catalyst (Figure 6b, c). Both hybrid catalysts
show excellent charge−discharge profiles for a given interval of
time, whereas the Pt/C catalyst shows a better discharge profile
for the initial cycle and significantly worse in charge per-
formance at higher potential, even affecting the consecutive
discharge and charge profiles.19 During long-term (1h cycle)
cyclability with a current density of 15 mA cm−2, the CMO/N-
rGO catalyst initially shows a discharge and charge over-
potential of 0.51 and 0.33 V, which was increased to 0.53 and
0.35 V after eighth cycle, respectively. In contrast, Pt/C catalyst
shows a discharge and charge overpotential increases quickly
from 0.41 and 0.55 V to 0.61 and 1.04 V, respectively, after the
eighth cycle. The round trip efficiency of CMO/N-rGO catalyst
is 56% for the eighth cycle (58% for the first cycle) higher than
that of precious Pt/C catalyst (39% for eighth cycle and
56% for first cycle). The specially blended CMO with N-rGO
hybrid bifunctional catalyst showed a significant overpotential
reduction and improved round trip efficiency over long-term
cycles (Table 2). The excellent performance and durability over
a high potential window of these hybrid electrocatalysts were
attributed to the strong chemical coupling between CMO
nanoparticles and the rGO support.8 Moreover, we noticed that
the hybrid catalysts showed significant oxygen electrochemistry
with small overpotential for discharging and charging reactions
for two electrode systems (pure oxygen and ambient air); they
also showed comparable ORR -OER activity trends calculated
from a three electrode system in alkaline medium (Table 1).
The enhanced oxygen electrode activity of CMO/N-rGO
catalyst can be attributed to the smaller and uniform dispersion
of nanoparticles and strong coupling effect. All the XPS peaks
of CMO/N-rGO shifted to higher binding energy compared
with CMO-rGO corresponding to the strong interaction of
metal oxide-rGO through nitrogen functional groups. This may
be due to delocalization of donor−acceptor orbital interaction
of metal with π-system of carbon framework in the rGO support
through high affinity nitrogen groups. This results suggest that
the strong interaction between CMO with N-rGO can provide a
notable electrochemical activity with high stability.

Figure 5. (a) Discharge profiles of CMO/rGO and CMO/N-rGO
hybrid consuming air under ambient condition at a current density 20
mA cm−2, deep discharge to a cutoff potential of 0.5 V vs Zn. (b)
Specific discharge capacity of CMO/rGO and CMO/N-rGO hybrid.

Table 1. Summary of Charge and Discharge Potential Gap of Hybrid CMO-rGO and CMO/N-rGO with a Current Density
of 20 mA cm−2 by Consuming Pure Oxygen and Air under Ambient Condition

O2 atmosphere air atmosphere

1st cycle (V vs Zn) 100th cycle (V vs Zn) 1st cycle (V vs Zn) 100th cycle (V vs Zn)

catalyst
charge
potential

discharge
potential

C−D
potential

gap
charge
potential

discharge
potential

C−D
potential
gap

charge
potential

discharge
potential

C−D
potential

gap
charge
potential

discharge
potential

C−D
potential

gap

CMO-rGO 1.90 1.19 0.71 1.99 0.98 1.01 2.09 1.14 0.95 2.13 1.03 1.1
CMO/N-rGO 1.78 1.08 0.70 1.90 1.04 0.86 1.95 1.25 0.70 2.06 1.13 0.93
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We further examined the catalytic activity of the hybrid
material with different current rates using the galvanodynamic
method (Figure 7).40 The hybrid materials show comparable

discharging potential when compared with those of a noble
metal catalyst Pt/C during the oxygen reduction reaction. On
the other hand, during the charge process, the hybrid materials
significantly outperformed the Pt/C materials. At higher
potential, cyclic performance of Pt/C degrade enormously
due to various side reactions like particle agglomeration, surface
oxide formation and detachment of carbon from the support.
But in the case of CMO/N-rGO hybrid, oxidation of N-rGO
was not observed due to the strong chemical coupling between
CMO and rGO. Further CMO nanoparticles with mixed
valency afford donor−acceptor sites, which are highly active
region for charging potential which suppressing the carbon
corrosion. The hybrid catalyst CMO/N-rGO shows a small
potential gap of 1.25 V, and CMO/rGO shows a potential gap
of 1.65 V; these values are remarkable when compared with
that of Pt/C: 1.94 V at 75 mA cm−2.14,17,41 The better stability

Figure 6. Galvanostatic pulse cycling of CMO/rGO and CMO/N-rGO hybrid under ambient air condition. (a) Cycling data at a current density
20 mA cm−2 in short interval (10 min per cycle) (b) Cycling data at a current density 15 mA cm−2 (1 h per cycle). (c) Cycling data at a current
density 15 mA cm−2 in long interval (2 h per cycle) compared with Pt/C. (d) C−D potential gap comparison of Pt/C, CMO/rGO and CMO/N-
rGO hybrid using pure oxygen and ambient air condition. (e) C−D potential gap vs cycle number for CMO/rGO and CMO/N-rGO hybrid
consuming air under ambient condition.

Table 2. Overpotential and Round-Trip Efficiency Values of Pt/C,
CMO/N-rGO, and CMO/rGO Catalysts during Long-Term
(1 h cycle) Cyclability with a Current Density of 15 mA cm−2

1st cycle 8th cycle

overpotential
(V)

overpotential
(V)

catalyst discharge charge

round-trip
efficiency

(%) discharge charge

round-trip
efficiency

(%)

Pt/C 0.41 0.55 56 0.61 1.04 39
CMO/N-rGO 0.51 0.33 58 0.53 0.35 56
CMO/rGO 0.53 0.35 56 0.55 0.39 54
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and activity of CMO with graphene over a long duration (over
200 cycles) and at higher current density are caused by strong
the covalent coupling of CMO nanoparticles with the graphene
layer; this coupling promotes a path for electron transfer on
the electrode surface through the graphene network, which
facilitates the charge−discharge reactions on the surface of the
CMO nanoparticles.12 Moreover, nitrogen doping in the
graphene structure leads to the creation of many structural
defects with positive effects of pyridinic and quaternary
nitrogen; nitrogen doping also facilitates oxygen kinetics and
fast transport of electrons.29,30,33

3.4. Structural and Morphological Stability. To under-
stand the structural stability of hybrid cathode electrodes at
various battery C−D cycles, XRD measurements were recorded
after the 50th and 100th cycles; at these points we dismantled
the air-breathing electrodes and compare along with the bare
electrodes. For better comparison, a rietveld refinment process
was carried out to check the various precipitates formed on the
surface of the air cathode, with results as shown in Figure 8a, b.
The XRD patterns of CMO/N-rGO and CMO/rGO after the
50th cycle of the electrodes, no appreciable change was ob-
served when compared with as-prepared electrodes, except for
slight changes in the relative intensities of the selected peaks as
a result of slight formation of ZnO, which was amorphous in
nature, with precipitation of carbonates (K2CO3) under
ambient air. After the 100th charge−discharge cycle, the XRD
patterns of both the hybrid electrodes show additional peaks
with the crystallization of ZnO. When repeatedly battery was
charged-discharged over 100 cycles, there was more precip-
itation of carbonates on the air electrode was observed under
ambient air condition with alkaline electrolyte. Moreover, the
discharge product Zn(OH)4

2− reached a saturation point in the
alkaline electrolyte during discharge, causing zincate ions to
decompose as white solid ZnO; these ions were eventually
deposited on the surface of both anode and cathode and were
not completely redeposited during given interval of charging.23

Interestingly, no noticeable changes in the structure of the
hybrid electrodes after the 50th or 100th cycles were found,
which shows the structural stability of the hybrid materials
toward zinc−air battery testing.19

Apart from the high structural stability, the morphology
effect of the cycled electrodes was also tested and compared
with that of bare electrodes, with results as shown in Figure 9a−f;
we also include corresponding energy-dispersive X-ray spectroscopy

(EDS) and elemental mapping results in Figure 10 (see
Figure S3−S5 in the Supporting Information). Before cycling,
the as-prepared hybrid electrode showed the uniform anchoring
of CMO nanoparticles on the surface of the graphene layer,
with a good distribution of Co, Mn, O, and N (Figures 9a, 10a).
After the 50th cycle of the electrodes, slight formation of amor-
phous ZnO with precipitation of carbonates under ambient air,
indicates the existence of K and Zn ions on the electrode.
When the electrode was cycled after 100 cycles, Zn(OH)4

2−

had reached its saturation point, and further decomposed and
crystallized as white solid ZnO, which flooded more on the
surface as confirmed by the XRD pattern (Figure 8). Further-
more, carbonate formation is more noticeable when the elec-
trode is consuming air under ambient condition over 100
cycles, which was confirmed by the XRD and FTIR results (see
Figures S6 and S7 in the Supporting Information).21,22,42

Eventually, both hybrid materials retained chemical coupling
between the nanoparticles and the graphene sheets10 without
any detachment of CMO nanoparticles from the graphene
supports even though there was a pair of undesired reactions
between positive and negative electrode materials with alkaline
electrolyte over 100 cycles, with high oxidative charging
potential.19 Further, the porous nature of the hybrid material
makes it optimal for both oxygen reduction during discharge
and oxygen evolution during charging whereas the material
Pt/C during oxygen gas evolution creates mechanical pressure,
which causes a breakdown of the electrode when oxygen gas
evolves at the electrode.1

Electrochemical impedance spectra is a useful technique to
evaluate the issues affecting the electrical properties of the air

Figure 7. Galvanodynamic discharge and charge polarization curves of
Pt/C, CMO/rGO, and CMO/N-rGO consuming air under ambient
condition.

Figure 8. Rietveld refined XRD patterns of fresh and cycled (50th and
100th cycle) air electrodes: (a) CMO/rGO; (b) CMO/N-rGO. The
symbols are experimental data and a continuous line is fitted data. The
Miller indices (h, k, l) of different phase are shown.
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electrode under oxygen kinetics over repeated cycles.43

The corresponding Nyquist plots (Z′ vs −Z″) are shown in
Figure 11. Each spectrum consists of two semicircles, one in the
higher frequency region followed by one in the low frequency
region. The impedance spectra were fitted using an equivalent
circuit consisting of the resistance (electrolyte (Rs), solid−electrolyte
interface (Rint), charge transfer (Rct), and constant phase
element (Q(int+dl)) (interface (int) + double layer (dl)).14,19 The
extracted impedance parameters are listed in Table 3. The
electrolyte resistance (Rs) remains almost constant, with only
small change over a large number of cycles, due to the chemical
and physical properties of the electrolyte. Both the solid−
electrolyte interface resistance (Rint) and the charge transfer
resistances (Rct) increase significantly with increases in the cycle
number due to the formation and precipitation of insulating
ZnO on the electrolyte/electrode interface, along with
carbonate formation. In the case of CMO/N-rGO, charge
transfer resistance increases to 16 (Ω) after 100 cycles from
5 (Ω), whereas those values for CMO/rGO increased to 32
(Ω) from 13 (Ω); both of these should be much better when
compared to the values of Pt/C, which increased to 21 (Ω)
after 70 cycles from 3.6 (Ω). Further confirming its strong elec-
trochemical coupling between nanoparticles and the graphene

layer even after high charging potential, the CMO/N-rGO
hybrid shows much lower resistance for both the solid-interface
(Rint) and the charge transfer (Rct) than does Pt/C. Finally, one
can understand that the CMO/N-rGO catalyst shows a better
plateau region, discharge time, and discharge capacity in a pri-
mary zinc−air battery, as well as higher activity and durability in
a rechargeable zinc−air battery than CMO/rGO or the Pt/C
catalyst; these excellent characteristics of the CMO/N-rGO
catalyst can be shown to originate from its stable morphological
and chemical structures (Figures 8−11). The reason behind the
superior performance of CMO/N-rGO catalyst is that doping
nitrogen in the graphene network allows for the uniform dis-
tribution of CMO particles on the graphene network, with
various active sites; there is also the positive effect of pyridinic
and quaternary nitrogen, which creates a synergic effect with
this unique architecture.44

On the basis of the structural and morphological changes
during electrochemical studies, it is pertinent to correlate the
physical property of hybrid electrodes at various cycles.
Interestingly, we found from the ex-situ XRD and SEM mor-
phological analyses that during cycling there was no systematic
change in the structure and morphology of hybrid catalyst
rather than deposition of discharge products (ZnO) with

Figure 9. SEM images of fresh and cycled electrodes for CMO/N-rGO: (a) fresh, (b) after 50 cycles,(c) after 100 cycles. CMO/rGO: (d) fresh; (e)
after 50 cycles; (f) after 100 cycles.
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carbonate formation (K2CO3) on the surface under ambient
condition. The nitrogen-doped graphene oxide surface provides
a robust support for the electroactive CMO nanoparticles

anchoring through the nitrogen-doped carbon and further
improves the electrical conductivity, but also has the positive
effect of high specific surface area with high porosity that favors

Figure 10. EDS spectrum of fresh and cycled CMO/N-rGO hybrid electrodes. (a) Fresh electrode; (b) after 50 cycles; (c) after 100 cycles; (d)
atomic percentage of elements (Co, Mn, Zn, and K) over different cycled electrodes.

Figure 11. Nyquist plots (Z′ vs −Z″) of zinc−air battery with air breathing cathode. (a) Pt/C, (b) CMO/rGO, (c) CMO/N-rGO consuming air
under ambient condition. (d) Corresponding equivalent electrical circuit. Impedance was taken at DC potential of 0.8 V with an AC signal amplitude
of 10 mV by variable frequency range from 10 kHz to 10 mHz.
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the oxygen transport without any mechanical pressure created
during oxygen gas evolution at charging. The extended cycling
(1 h cycle) of CMO/N-rGO hybrid electrodes show com-
parable performance with small increment in overpotential can
be observed on both the charge and discharge segments caused
by undesirable carbonate formation (K2CO3) and crystalliza-
tion of ZnO on the cathode surface (see Figure S8 in the
Supporting Information). The stronger electronegativity of
doped-nitrogen and the lone pair of electrons on nitrogen
facilitates the connection between electroactive CMO nano-
particles to the graphene and electrolyte and reduce the particle
size from agglomerating and protecting active materials from
mechanical degradation during different cycles. The strong
hybridization CMO particles on rGO through nitrogen
functional groups greatly reducing the undesired decomposi-
tion and side reaction of carbon based support which was often
promoted simultaneously at charging condition. During long-
term cycling the concentration of the zincate ion surpasses the
maximum limit of solubility, thereby causing dehydration and
precipitation of ZnO which passivates the zincate formation
from the anode led to the cell failure (see Figure S6 in the
Supporting Information). A systematic post-mortem analysis
further confirms that the pair of undesired parasitic reactions
between positive (carbonate formation under ambient con-
dition) and negative electrode (hydrogen evolution) with the
alkaline electrolyte that consumes air under ambient condition
is mainly responsible for the observed performance deterio-
ration. From the correlation, we have reason to expect the high
catalytic activity with a small degradation extended over a
longer life span.

5. CONCLUSIONS
In summary, we have prepared a nitrogen doped/undoped
thermally reduced graphene oxide support decorated chem-
ically with CMO nanoparticles using a one step hydrothermal
method. Under ambient air condition, the primary and rechargeable

zinc−air battery using the CMO/N-rGO hybrid bifunctional air
electrode with strong alkaline electrolyte shows outstanding
discharge and charge performance while maintaining good
stability when operated over 200 cycles. The unique structural,
morphological, and electrocatalytic properties of the CMO/N-
rGO hybrid, compared with those of the commercial Pt/C
catalyst, make this hybrid material a promising candidate for
zinc−air battery applications.
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