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Ionic liquid (IL) modified reduced graphene oxide (rGO–IL) nanosheets anchoring manganese oxide
(Mn3O4) are synthesized via a facile solution-based growth mechanism and applied to a Zn–air battery
as an effective electrocatalyst for the oxygen reduction reaction (ORR). In this study, the IL moiety in
these composites increases not only the conductivity of the system, but also the electrocatalytic activity
compared to pristine rGO, together with the synergic effect of facilitating the ORR with the intrinsic
catalytic activity of Mn3O4. Based on the Koutecky–Levich plot, we suggest that the ORR pathway of
these composites is tunable with the relative amount of Mn3O4 nanoparticles supported onto the
graphene sheets; for example, the ORR mechanism of the system with a lower Mn3O4 (19.2%)
nanoparticle content is similar to a Pt/C electrode, i.e., a one-step, quasi-4-electron transfer, unlike that
with a higher Mn3O4 (52.5%) content, which undergoes a classical two-step, 2-electron pathway. We
also demonstrate the potential of these hybrid rGO–IL/Mn3O4 nanoparticles as efficient catalysts for
the ORR in the Zn–air battery with a maximum peak power density of 120 mW cm2; a higher
performance than that from commercial cathode catalysts.

Introduction
Harvesting energy from green resources and developing suitable
storage systems are the top priorities of current research in
energy. Though the lithium-ion battery leads the market in the
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field of energy storage, it is still actively investigated as an
alternative energy storage system with higher energy and power
density to meet various energy demands.1,2 In that regard, Zn–air
batteries have attracted much attention due to their high
potential such as low-cost, relatively high capacity, facile nature
of handling and processing, and environmental benignity.3–6
Among the many issues for the development of next generation
Zn–air batteries, it is essential to develop highly efficient and lowcost catalysts for oxygen reduction reaction (ORR).7 Although
Pt-based electrocatalysts have been traditionally employed to
catalyze the ORR with a high efficiency,8–13 manganese oxides
are particularly attractive candidates due to their high catalytic
activity, high abundance of Mn, high stability, low cost, and lack

Broader context
This article reports a systematic study of the surface engineering of graphene nanosheets by an ionic liquid moiety, demonstrating its
utility in the controlled growth of nanoparticles as well as improving its conductivity and electrocatalytic activity in the oxygen
reduction reaction (ORR), that is essential for potential applications in a Zn–air battery. Interestingly, based on the Koutecky–
Levich plot, we find that the oxygen reduction pathway of these composites is tunable with the relative amount of Mn3O4 nanoparticles supported on the graphene sheets. For example, the ORR mechanism of the system with a lower Mn3O4 (19.2%) nanoparticle content is similar to the Pt/C electrode, i.e., a quasi-one-step, 4-electron transfer, unlike that with a higher Mn3O4 (52.5%)
content which undergoes a classical two-step, 2-electron pathway. Most importantly, we demonstrate the potential of these hybrid
rGO–IL/Mn3O4 nanoparticles as efficient catalysts for the ORR in the Zn–air battery with a maximum peak power density of 120
mW cm2, which is higher than that of commercial cathode catalysts. With its high surface area and combined catalytic activity with
nanoparticles anchored on, we believe this study should present an important step forward in utilizing graphene in electrochemical
catalysts and open new possibilities in applications as alternative low-cost catalysts for metal-air batteries and alkaline fuel cells.
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of environmental issues.14–21 However, there are still obstacles in
utilizing manganese oxides as an efficient ORR catalyst due to
their intrinsically low electrical conductivity.22–24
Graphene, a monolayer of aromatic carbon lattice, has recently
drawn a tremendous amount of interest due to its extraordinary
electrical, optical, thermal, and mechanical properties.25–30 Taking
full advantage of its chemical stability and high conductivity along
with its high specific surface area, the graphene nanosheet is an
excellent substrate for hosting and growing functional nanomaterials
for high-performance electrochemical and electrocatalytic
devices.31–33 To date, a number of examples have been reported to
host a variety of metal,34–38 metal oxide,39–41 semiconducting,42 and
magnetic nanoparticles43 on the surface of graphene; however, up to
now, few papers have reported the utilization of metal nanoparticles
anchored on graphene and its catalytic activity in a Zn–air battery.
Herein, we present a simple approach of integrating manganese oxide nanoparticles into electrically conductive graphene
sheets via a solution-based growth mechanism to afford hybrid
graphene/Mn3O4 nanoparticles (Scheme 1). Furthermore, we
investigated their potential as an efficient electrocatalyst for the
ORR in a Zn–air battery. In this study, we introduced the ionic
liquid moiety onto the surface of graphene oxide with the aim of
introducing the manganese oxide precursor on the surface of
graphene as well as benefiting from the many features of the ionic
liquid moiety (i.e. high ion conductivity, wide electrochemical
windows, and the low interfacial energy between the graphene
and the nanoparticles) that play a key role in enhancing the
electrochemical activity of the resulting hybrid nanostructure.44

Results and discussion
According to the modified Hummers method, graphite oxide
suspensions were initially prepared from a commercial graphite

powder, followed by the sonication for the exfoliation of
graphite oxide to graphene oxide (GO) nanosheets.45–49
Carboxylic acid groups on the surface of GO were further
reacted with 1-(3-aminopropyl)-3-methylimidazolium bromide
(IL) through the N-ethyl-N0 -(3-dimethyl aminopropyl)carbodiimide methiodide (EDC) mediated reaction to afford the
ionic liquid moiety functionalized GO (GO–IL) (Scheme 1). As
noted in other literature, the presence of the ionic liquid would
enhance the solubility of graphene in a wide range of solvents,50
facilitate its electrocatalytic activity and enhance its conductivity, hence improving overall the performance of the electrocatalyst. The successful functionalization of GO with the IL
moiety was confirmed by zeta-potential measurements, which
show a surface charge reversal from 52.0 mV to +45.2 mV
upon functionalization. In addition, high-resolution X-ray
photoelectron spectroscopy (XPS) further supported the presence of an IL moiety with the appearance of N1s 399.3 and
401.9 eV peaks from the imidazolium ring of ionic liquid (See
ESI†). In order to restore the electrical conductivity of the
pristine GO, chemical reduction of the GO–IL suspension was
subsequently carried out by adding hydrazine to provide the
reduced graphene oxide (rGO) nanosheets functionalized with
the IL moiety (rGO–IL). In addition, manganese oxide nanoparticles were grown onto the above prepared rGO–IL nanosheets by a simple solution-based growth mechanism as shown
in Scheme 1. Specifically, the manganese precursor, NaMnO4,
was mixed through the electrostatic interactions in various
feeding ratios (the ratio of rGO–IL to Mn precursor ranges
from 1 to 20), followed by heating at 85  C for 1 h. The
relatively mild conditions are proved to be important to control
the hydrolysis of the manganese precursor, which precludes the
formation of free nanoparticles in solution. The resulting rGO–
IL/Mn3O4 composite was filtered and washed thoroughly with

Scheme 1 (a) Schematic representation of the functionalization of the surface of graphene oxide and subsequent formation of nanoparticles. (b)
Diagram of a Zn–air battery cell with a photograph of the actual cell tested.
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deionized water and dried in the oven at 50  C. The control
experiment, carried out in the absence of rGO–IL under identical conditions, did not produce any nanoparticles that are
redispersible in water.
The morphological structures of the rGO–IL/Mn3O4 nanocomposites were characterized by scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy
(HR-TEM). Based on the SEM and TEM images in Fig. 1, we
found non-uniform coating of Mn3O4 nanoparticles on the
surface of graphene sheets possessing relatively spherical
morphology with an average diameter of 9.45  1.72 nm. HRTEM images further reveal that crystal lattice fringes throughout
the entire nanoparticles formed on the graphene sheet that
matched with the major peaks of crystalline Mn3O4 nanoparticles. The crystalline phase of manganese oxide nanoparticles

can be further revealed by the XRD spectrum, which clearly
shows the formation of Mn3O4 (ESI†). Moreover, the selected
area electron diffraction (SAED) of the nanoparticles displays
the crystalline nature of the Mn3O4 nanoparticles that formed on
the surface of the rGO–IL nanosheet. As shown in the elemental
mapping of hybrid rGO–IL/Mn3O4, we observed the presence of
the rGO–IL nanosheets by distinctive elements such as C, O and
N as well as the presence of Mn3O4 nanoparticles by Mn and O
elements (Fig. 1f). Given the rather non-uniformly distributed
Mn3O4 nanoparticles on the surface of rGO–IL, we postulate
that the ionic linkage between the surface of rGO–IL and the
manganese precursor are possibly not uniformly distributed on
the surface of graphene nanosheets. The graphene–nanoparticle
interaction, however, allows good dispersion of Mn3O4 nanoparticles grown on the rGO nanosheets thus avoiding the

Fig. 1 (a) SEM and (b) TEM images of rGO–IL/Mn3O4 composites with size distribution of Mn3O4 nanoparticles. (c) HR-TEM image of Mn3O4
nanoparticles with the inset of the corresponding SAED pattern and (d, e, f) STEM and the EDX elemental mapping images of hybrid rGO–IL/Mn3O4
(10 : 1) composites.
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potential aggregation of nanoparticles during the electrocatalytic
cycles.
With the hybrid nanoparticles prepared, we then performed
the rotating-disk electrode (RDE) experiment to investigate the
electrocatalytic activities of hybrid rGO–IL/Mn3O4. Since the
electrons resulting from the oxidation of zinc metal should flow
efficiently to the nanoparticle-supporting carbon substrate to
reduce the oxygen during the actual operation of a Zn–air
battery, the electrical conductivity together with the catalytic
activity of the nanoparticles are critical factors in designing and
developing the efficient catalyst.51 Therefore, we employed two
independent strategies to gain the insight on the catalytic activity:
1) chemical attachment of the ionic liquid moiety as well as
chemical reduction of the graphene sheet to increase the
conductivity of the system and electrocatalytic activity and 2)
tuning the ratio of the Mn precursor with respect to the rGO-IL
to determine the optimum ratio of our hybrid rGO–IL/Mn3O4
catalyst for enhanced ORR activity while preserving necessary
electrical conductivity. As shown in the Fig. 2, covalent attachment of the ionic liquid moiety onto the graphene nanosheet
results in a higher limiting current and more positive onset
potential than that of a plain, unmodified GO. This is consistent
with the previous reports that the presence of the ionic liquid
moiety would facilitate the electrocatalytic activity between the
metal and oxygen,52 as well as increase the solubility of the
oxygen which can affect the enhanced reduction rate of oxygen to
perhydroxyl or hydroxyl ions.53,54
Moreover, the chemically reduced graphene oxide (rGO-IL)
has both a higher limiting current and more positive onset
potential than GO–IL. Taken together, these data clearly
support the critical role of the ionic liquid moiety as well as the
enhanced conductivity gained upon the chemical reduction
process of the GO nanosheet. Although electrical conductivity is
another factor in determining ORR activity, the actual ORR
activity of carbon materials is not sufficient to reduce oxygen
effectively. When comparing the rGO–IL with rGO–IL/Mn3O4
composites, the latter has a higher ORR activity as expected,
among which rGO–IL/Mn3O4 (10 : 1) has the highest catalytic
activity. These results clearly show that Mn3O4 nanoparticles
facilitate the reaction effectively; however, higher Mn3O4
contents (rGO–IL/Mn3O4 (2 : 1), 52.5% Mn content as determined from TGA) can reduce ORR activity compared with
a lower content of Mn3O4 (rGO–IL/Mn3O4 (10 : 1), 19.2% Mn

content) (See ESI for TGA data†). We postulate that the relatively larger content of Mn3O4 with respect to the graphene sheet
results in a lower electrical conductivity, which in turn, has an
adverse effect on the ORR activity. This argument can be
corroborated with the conductivity measurement with the
4-point probe. The sample with a lower content of Mn, rGO–IL/
Mn3O4 (10 : 1), displays a lower surface resistance of 61.1 ohm
sq1 compared to 120.3 ohm sq1 of rGO–IL/Mn3O4 (2 : 1). It is
also of note that the absolute amount of Mn3O4 in the hybrid is
not the major factor in governing the ORR activity, since the
limiting current normalized to the effective mass of active Mn3O4
within the hybrid rGO–IL/Mn3O4 yields approximately 4 times
higher mass activity for the rGO–IL/Mn3O4 (10 : 1) sample
(233.9 mA/mgMn at 0.45 V) than that of rGO–IL/Mn3O4
(2 : 1) (55.2 mA/mgMn at 0.45 V) (See ESI†).
To explore the ORR and the related kinetics in a more
quantitative manner, we have further transformed the obtained
RDE data based on the Koutecky–Levich equation (Fig. 3).55,56
The Koutecky–Levich plot relates the current density (i) to the
rotation rate of electrode (u) to determine both the kinetic
current (ik) and the number of transferred electrons (n) involved
in the ORR.
1 1 1
1
1
¼ þ ¼ þ
i ik idl ik Bu

(1)

ik ¼ nFAkCO2 (kinetic current)

(2)

idl ¼ 0.20nFACO2DO22/3v1/6u1 (diffusion limiting current)

(3)

where ik represents the kinetic current; idl is the diffusion limiting
current; n is the number of electrons transferred per O2 molecule;
F is the Faraday constant (96485 C mol1); A is the geometric
area of the disk electrode (7.06  106 m2); k (m s1) is the rate
constant for the ORR; CO2 is the saturated concentration of O2 in
solution (1.21 mol m3 in 0.10 M KOH); n is the kinematic
viscosity (1  106 m2 s1 in 0.10 M KOH); DO2 is the diffusion
coefficient of O2 in solution (1.87  109 m2 s1 in 0.10 M KOH);
and u is the angular frequency of the rotation (rad s1). From the
linear relationship between i1 vs. u0.5 based on the Koutecky–
Levich equation, we can obtain the number of electrons transferred (n) from the slope and compare the kinetic current (ik)
from the intercept. Given the RDE data, we calculated the

Fig. 2 Rotating disk electrode (RDE) experiments of various samples prepared in this study. (a) Half-cell data and (b) comparison of the onset
potential and limiting current of each sample of GO, GO–IL, rGO–IL, rGO–IL/Mn3O4 (2 : 1), and rGO–IL/Mn3O4 (10 : 1). The rotation rate is
3200 rpm and the scan rate is 10 mV s1; 0.10 M KOH is used as an electrolyte. Pt wire and Hg/HgO are used as counter and reference electrodes with
a 3 mm diameter working electrode, respectively. Onset potential was measured at 0.002 mA and limiting current was measured at 0.45 V.
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Fig. 3 RDE experiments and the corresponding Koutecky–Levich plots of (a, b) rGO–IL/Mn3O4 (2 : 1) and (c, d) rGO–IL/Mn3O4 (10 : 1). The
experiments were conducted at a scan rate of 10 mV s1 in an O2-saturated 0.10 M KOH solution. Theoretical slopes for n ¼ 2 and 4 are also constructed
for comparison.

average number of electrons transferred from the samples of two
different Mn3O4 contents, particularly rGO–IL/Mn3O4 (2 : 1)
and (10 : 1). To our surprise, we found that the average number
of transferred electrons (n) of rGO–IL/Mn3O4 (2 : 1) is 2.75 while
it increased to 3.50 in the case of rGO–IL/Mn3O4 (10 : 1). With
these results, it is reasonable to estimate that there exist two
independent mechanisms depending on the contents of Mn3O4 in
the hybrid rGO–IL/Mn3O4 catalyst. Specifically, the corresponding number of electrons (3.50) for rGO–IL/Mn3O4 (10 : 1)
indicates an efficient one-step, quasi-4-electron transfer similar to
the Pt/C electrode. On the other hand, the electron transfer
number (2.75) of rGO–IL/Mn3O4 (2 : 1) is close to the classical
two-step, 2-electron pathway, as is the case for many other
carbon-based electrode materials (Fig. 4). It is interesting to note
that the reaction mechanism is tunable simply with the relative
amount of nanoparticles supported onto the graphene sheets.

Fig. 4 Schematic representation of the potential pathway of electrons
during oxygen reduction reaction on the surface of rGO–IL/Mn3O4
electrocatalysts.
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Because the study on half-cell experiments such as RDE
presents only the performance as a catalyst, we have to evaluate
the actual ORR performance of catalysts in a Zn–air full cell. For
that purpose, we have evaluated the electrochemical performance
of a single Zn–air cell composed of an anode of zinc powder
together with a hybrid rGO–IL/Mn3O4 electrocatalyst in the
cathode electrode.
Via a galvanodynamic method, the current density versus
potential (reference to a Zn electrode) profile can be obtained
under varying current density from 0 to 200 mA cm2 and one
can calculate the maximum peak power density from a polarization curve for the Zn–air cell (Fig. 5). As shown in the
discharge profile of Zn–air full cell, the voltage difference in
two cells of different Mn contents rises significantly with the
increase of current density. This result indicates that a resistance effect on a Zn–air cell is more dominant when high
current density is applied to the cell and also coincides with the
fact that the oxygen reduction reaction becomes very sluggish
due to a high overpotential. When the power density plot is
constructed, similar trends between RDE and actual cell
performance are observed and maximum peak power density of
120 mW cm2 can be obtained from the hybrid rGO–IL/Mn3O4
(10 : 1) sample. For comparison, identical procedures were
applied to compare the efficiency of the air cathode with the
commercial gas diffusion electrode (GDE) including MnOx
(Meet Inc., Korea) and 20% Pt on Vulcan XC-72 (E-TEK).
Although the 20% Pt/C exhibits the best electrochemical
performance among various samples, our hybrid rGO–IL/
Mn3O4 (10 : 1) still illustrates better efficiency in the overall
Zn–air fuel cell performance than the commercial air cathode
under the current density from 0 to 200 mA cm2. With further
improvements, we believe this hybrid catalyst could be used as
a potential candidate in low-cost electrocatalysts for metal-air
batteries and alkaline fuel cells. For more practical application
of our hybrid catalyst in various electrocatalytic reactions, our
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Single cell performance of the Zn–air battery assembled with hybrid rGO–IL/Mn3O4 electrocatalysts compared with 20% Pt/C and commercial
cathode materials. (a) Polarization curve of zinc-air cell and (b) corresponding power density plot of (black) rGO–IL/Mn3O4 (2 : 1), (red) rGO–IL/
Mn3O4 (10 : 1), (blue) 20% Pt/C, and (green) commercial cathode (MEET) under the current density from 0 to 200 mA cm2.

next endeavor should be focused more on addressing the
stability and durability, as well as the product cost of the
modified graphene nanosheet and hybrid catalyst.

Conclusion
In summary, we present a simple and facile approach of integrating manganese oxide nanoparticles into the electrically
conductive graphene sheets via a solution-based growth mechanism to afford hybrid graphene/Mn3O4 nanoparticles. The ionic
liquid moiety on the graphene nanosheet was proven to be
important in enhancing the electrocatalytic activity of the hybrid
nanoparticles in oxygen reduction reaction with a one-step,
quasi-4-electron transfer pathway. By utilizing the high activity
of the graphene/Mn3O4 nanoparticles, we demonstrated their
potential in the Zn–air battery, as they exhibit considerably high
catalytic activity. By taking advantage of the facile synthetic
nature of this hybrid nanoparticle with graphene nanosheet, we
anticipate that the hybrid graphene/Mn3O4 nanoparticles will
open new possibilities in applications as alternative low-cost
catalysts for metal-air batteries and alkaline fuel cells.

Experimental

Preparation of ionic liquid modified graphene oxide nanosheet
(GO–IL) and reduced graphene oxide nanosheet (rGO–IL)
Ionic liquid modified GO nanosheets (GO–IL) were prepared by
reacting GO with excess IL-NH2 (conc. 0.50 mg mL1) under
stirring for 5 h in the presence of N-ethyl-N0 -(3-dimethyl aminopropyl) carbodiimide methiodide (EDC, 98%, Alfa Aesar). The
resulting suspension was dialyzed (MWCO 12000–14000, SpectraPore) for a few days to remove any by product and residuals
during functionalization. The prepared GO–IL suspensions
exhibited a fairly good colloidal stability over a wide span of pH
conditions. Chemical reduction of the GO–IL to rGO–IL was
carried out by adding hydrazine as reported previously.
Preparation of catalyst ink for rotating disk electrode
Catalyst ink was prepared by ultrasonically mixing 2.0 mg of asprepared sample with 1.0 mL of pure deionized water for 1 h in
order to make a homogeneous suspension. Then, 3 mL of the
prepared catalytic ink was transferred to the surface of the 3 mm
diameter glassy carbon electrode using a micropipette. Finally,
the ink was dried for 10 min under vacuum conditions at room
temperature to form a thin catalyst film on the glassy carbon
electrode as a working electrode.

Procedures of graphene oxide (GO) nanosheets
Graphite oxide was synthesized from graphite (Aldrich, <20 mm)
by the modified Hummers method and exfoliated to give a stable,
brown dispersion of graphene oxide (GO, typical conc. of 0.50
mg mL1) under ultrasonication for 40 min and then centrifuged
at 4000 rpm for 10 min to remove any aggregates remained in the
suspension.
Preparation of ionic liquid moiety (IL-NH2)
In the typical procedure according to the literature,47 3-bromopropylamine hydrobromide (1.1 g, 5.0 mmol) and 1-methylimidazole (0.395 mL, 5.0 mmol) were added to 15 mL ethanol,
forming a colorless solution which was refluxed under nitrogen
for 24 h. The resulting turbid mixture was purified by re-crystallization from ethanol, with ethyl acetate as an anti-solvent.
Finally, the resulting white powder was dried under vacuum at
60  C overnight and then purified.
This journal is ª The Royal Society of Chemistry 2011

Rotating disk electrode (RDE) experiments
All half cell experiments for the ORR using a rotating disk electrode
(RDE) (ALS Co., Ltd) were carried out under the same conditions
where Pt wire and Hg/HgO were used as a counter and a reference
electrode respectively; 0.10 M KOH is used as an electrolyte; pure
oxygen gas (99.9%) was purged for 30 min before each RDE
experiment to make an electrolyte oxygen saturated condition.
Rotation speeds were changed in this RDE measurement to deduce
kinetic parameters related to ORR to construct the Koutecky–
Levich plot. Electrochemical characterization of as-prepared catalysts were conducted using a single potentiostat (Ivium) with a scan
rate of 10 mV s1 and potential range from 0.15 V to 0.7 V.
Preparation of air electrode
All air electrodes used in this Zn–air full cell test are prepared
with fixed weight composition; activated carbon (Darco G-60A,
Energy Environ. Sci., 2011, 4, 4148–4154 | 4153
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Sigma-Aldrich) is 62 wt% + poly-tetrafluoroethylene (PTFE)
binder 30 wt% (60 wt% PTFE emulsion in water, SigmaAldrich) + as-prepared catalysts is 8 wt%. After sonicating each
material in pure DI-water for 1 h, each suspension was then
mixed ultrasonically for 1 h to form a homogeneous suspension.
The excess water is removed by filtering the homogeneous
suspension and then the slurry is dried at 60  C. By adding isopropyl alcohol to dried black powder, air electrodes were manufactured via a kneading and rolling process to make the desired
thickness of air cathode. Finally, Ni-foam as a current collector
was attached to the back side of the air electrode. The thickness
of all air cathodes was set to 600 mm to minimize the thickness
factor of electrodes to overall cell performance.
Zn–air full cell assembly
For the Zn–air full cell test, homemade Zn–air single cell were
used in this experiments. 1 g of zinc powder (Umicore) was used
as the anode electrode. Nylon net filter (Millipore) was used as
a separator. A 16–pi air electrode is used as the cathode electrode. The galvanodynamic experiment is carried out with
a multichannel potentiostat (WBCS 3000, WonA Tech, Korea)
with various current densities from 0 mA cm2 to 200 mA cm2 to
characterize the Zn–air single cell performance.
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