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ABSTRACT: Development of efficient electrocatalyst based
on non-precious metal that favors the four-electron pathway for
the reduction of oxygen in alkaline fuel cell is a challenging task.
Herein, we demonstrate a new facile route for the synthesis of
hybrid functional electrocatalyst based on nitrogen-doped
reduced graphene oxide (N-rGO) and Mn3O4 with pro-
nounced electrocatalytic activity towards oxygen reduction
reaction (ORR) in alkaline solution. The synthesis involves
one-step in situ reduction of both graphene oxide (GO) and Mn(VII), growth of Mn3O4 nanocrystals and nitrogen doping onto
the carbon framework using a single reducing agent, hydrazine. The X-ray photoelectron (XPS), Raman and FTIR spectral, and
X-ray diffraction measurements confirm the reduction of GO and growth of nanosized Mn3O4. The XPS profile reveals that N-
rGO has pyridinic (40%), pyrrolic (53%), and pyridine N oxide (7%) types of nitrogen. The Mn3O4 nanoparticles are single
crystalline and randomly distributed over the wrinkled N-rGO sheets. The hybrid material has excellent ORR activity and it
favors the 4-electron pathway for the reduction of oxygen. The electrocatalytic performance of the hybrid catalyst is superior to
the N-rGO, free Mn3O4 and their physical mixture. The hybrid material shows an onset potential of −0.075 V, which is 60−225
mV less negative than that of the other catalyst tested. It has excellent methanol tolerance and high durability. The catalytic
current density achieved with the hybrid material at 0.1 mg cm−2 is almost equivalent to that of the commercial Pt/C (10%). The
synergistic effect of N-rGO and Mn3O4 enhances the overall performance of the hybrid catalyst. The nitrogen in N-rGO is
considered to be at the interface to bridge the rGO framework and Mn3O4 nanoparticles and facilitates the electron transfer.
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■ INTRODUCTION

Synthesis of the metal-free or nonprecious metal-based
electrocatalysts for oxygen reduction reaction (ORR) is of
great importance in the development of energy conversion
devices like fuel cells and metal−air batteries.1 Development of
such energy conversion devices is in demand owing to the
global energy crisis. Traditionally, platinum (Pt) and Pt-based
alloy catalyst have been used as a catalyst in the cathode
compartment of these devices.2,3 The major barriers in the
successful commercialization of fuel cells are (i) high cost of Pt
because of its scarcity and (ii) sluggish electron transfer kinetics
associated with the cathode reaction. It has been estimated that
30−50% of the manufacturing cost of the fuel cell is actually
due to both anode and cathode catalysts.3 The high cost and
lack of durability of the Pt-based catalysts demand for an
alternative cost-effective highly efficient catalyst.4 The nitrogen-
based electrocatalysts have been examined since 1964, as an
alternative catalyst for ORR.5 For instance, Yeager’s group, for
the first time, demonstrated the electrocatalytic ORR activity of
nitrogen-based catalyst derived by the pyrolysis of acrylonitrile

polymer and metal salts.6 The transition metal−nitrogen center
was considered to be the active site for the catalytic reduction
of oxygen to hydrogen peroxide. Although such catalysts are
known to be active towards ORR, the actual electrocatalytic
properties of nitrogen-based catalysts are being explored only
recently. The carbon-supported nonprecious metal−N4 macro-
cyclic complexes and the catalyst derived by the pyrolysis of
carbon−nitrogen template and non-precious metal salts have
been proposed as an electrocatalyst for ORR.7,8 Inspired by the
better electrocatalytic performance of these nitrogen-based
catalyst, various groups have shown interest in the synthesis of
nitrogen containing various forms of carbon (nanofiber,
nanotubes, etc.) and investigated the electrocatalytic activity.9,10

Very recently, graphene, the one atom thick honeycomb carbon
lattice, and the heteroatom-doped graphene are exploited for
various electrocatalytic applications.11,12 The unique physical
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and chemical features of this one-atom-thick carbon framework
are very promising for the development of energy conversion
devices.13 Recently, the ORR activity of the nitrogen-doped
graphene-based catalysts has been explored. It has been found
that the metal-free nitrogen-doped graphene has good
electrocatalytic activity with respect to the traditional carbon-
supported Pt catalyst. The electrocatalytic activity of nitrogen-
doped graphene depends on various factors such as nature and
amount of nitrogen, defects in the carbon framework, etc.
Ruoff’s group demonstrated that the graphitic and pyridinic
nitrogen of the carbon framework have major contribution in
the enhanced electrocatalytic performance of nitrogen-doped
graphene towards ORR.14

The functional materials based on the transition metal oxides
have also been exploited for various electrocatalytic applica-
tions. The oxides of cobalt, iron, iridium, manganese, etc., have
been pursued as an alternative nonprecious metal catalyst for
ORR.15−18 The theoretical and experimental studies have
demonstrated that the transition metal oxides with spinel
structure are very promising electrode material for energy
conversion and storage applications.19−22 The mixed valence
manganese oxides like Mn3O4 have received special attention
because of the fact that they are highly active, inexpensive, and
environment friendly.23 Although these oxide materials have
been well-exploited for battery and supercapacitor applications,
only a handful papers describes their electrocatalytic activity
towards ORR.24−27 For instance, Ohsaka’s group demonstrated
the catalytic two-step reduction of oxygen in alkaline medium
using unsupported manganese oxides, including the mixed
valence Mn3O4.

24,25 Very recently, Jaramillo’s group has shown
the electrocatalytic performance of heat-treated porous Mn3O4
supported on glassy carbon electrode towards ORR.26 Carbon-
supported Mn2O3 have also been explored as ORR
catalyst.25−27 The low electrical conductivity of manganese
oxides is a major concern in utilizing them as an active catalyst
for ORR.28,29 The low electrical conductivity can be circum-
vented by developing a hybrid material of Mn3O4 and
conducting functional support materials.
The functional hybrid materials derived from the inorganic

metal oxides and honeycomb carbon have received special
attention in recent years for different electrochemical
applications. One of the major advantages of developing such
hybrid material is that the unique properties of individual
component can be integrated together without compromise.
The integration of Mn3O4 with graphene would circumvent the
problem associated with its low conductivity, as graphene is
known to have very high electronic conductivity. Recently,
Kim’s group demonstrated the use of such hybrid material for
Zn-air battery application.30 Dai’s group reported the ORR
activity of electrically interconnected hybrid material based on
graphene oxide-carbon nanotubes-Mn3O4 synthesized by a two-
step method.31 During the course of our investigation Qiao’s
group demonstrated the synthesis of mesoporous Mn3O4-
nitrogen doped graphene by a solvothermal route and its
electrocatalytic activity. The reduction of graphene oxide (GO),
nitrogen doping and growth of Mn3O4 nanoparticles were
achieved in two steps; the synthetic method involves the use of
Teflon-lined stainless steel autoclave at elevated temperature
for 13 h.32 Doping of nitrogen has been achieved by various
methods involving multiple steps, tedious procedures, high
temperature, and sophisticated equipments.33,34 Although
hydrazine has been used as a nitrogen doping agent in the
recent past, the procedures are either tedious or time

consuming.35−38 Development of a rapid and simple protocol
for the synthesis of hybrid material of nitrogen-doped graphene
and Mn3O4 is highly desired for catalytic applications. Herein
we demonstrate a single-step facile route for the rapid synthesis
of functional nitrogen-doped reduced graphene oxide-Mn3O4
(N-rGO-Mn3O4) hybrid material with pronounced electro-
catalytic activity towards oxygen reduction. Interestingly, our
synthetic method involves one-pot procedure using a single
reducing agent without hydrothermal/solvothermal conditions.
The novelty of our method is the use of hydrazine as a
multifunctional reagent for the reduction of GO and Mn(VII),
doping of nitrogen, and the growth of Mn3O4 nanoparticles in
single-step. To the best of our knowledge, this is the first report
describing the multiple function of hydrazine in the synthesis of
hybrid catalytic materials. Our hybrid material is highly active
with an onset potential of −0.075 V (SCE), which is
significantly more positive than the existing Mn3O4-based
electrode, and it is highly durable with a high tolerance toward
methanol.

■ MATERIALS AND METHODS
Reagents and Materials. Graphite powder, poly(vinylidene

fluoride) (PVF), and Pt/C (10%) were purchased from Sigma-
Aldrich. Analytical grade KMnO4, NaNO3, H2SO4 and NH3, HCl,
hydrazine hydrate were obtained from Merck, India. All the solutions
were made of Millipore water (Milli Q system).

Exfoliation of Graphite and Synthesis of GO. Graphene oxide
was synthesized according to modified Hummer’s method by the
exfoliation of graphite.39,40 Briefly, 50 mL of concentrated H2SO4 was
slowly added to a mixture of graphite powder (1 g) and NaNO3 (1 g)
in a 500 mL round-bottom flask at 0 °C. Then solid KMnO4 (6 g) was
added to the reaction mixture and the reaction mixture was stirred
continuously for 1 h at room temperature. The mixture was then
diluted with 200 mL of water and after 15 min, H2O2 solution (30%)
was added to the reaction mixture under stirring until the gas evolution
was ceased. The residue was then separated from the reaction mixture
by centrifugation and then washed repeatedly with 5% HCl solution.
The washing was continued until the centrifugate gave a negative test
for the presence of sulphate ions with BaCl2 solution. The residue
obtained after repeated washing was further washed with copious
amounts of Millipore water and dried in a vacuum to get the yellow-
brown solid of GO.

Synthesis of Free Mn3O4 and N-rGO-Mn3O4 Hybrid Material.
In a typical synthesis, 20 mg of GO was dispersed in 40 mL of water
and sonicated in an ultrasonicator for an hour. Then, 10 mL of
aqueous KMnO4 solution (1 mg/mL) was mixed with the GO
dispersion and the mixture was transferred to a round bottomed flask.
Then 200 μL of NH3 (25%) solution was added to the mixture under
constant stirring. Hydrazine hydrate (200 μL, 99%) was then slowly
added to the reaction mixture and refluxed for 3 h at 95 oC. The final
concentration of hydrazine in the reaction mixture was 4 mM. The
black colored solution was centrifuged and the product was washed
well with copious amount of water and alcohol and dried in vacuum.
The free Mn3O4 was synthesized at an identical procedure without
GO. During the synthesis of free Mn3O4, the purple color of KMnO4
initially turned to brown and then finally to orange-brown. Hereafter,
the hybrid material is designated as N-rGO-Mn3O4 whereas the
physical mixture of Mn3O4 with N-rGO and rGO are designated as N-
rGO/Mn3O4 and rGO/Mn3O4.

Electrode Modification. The glassy carbon (GC) rotating disk
electrode (RDE) and GC-Pt rotating ring-disk electrode (RRDE) were
polished well with fine emery paper and alumina (0.05 μm) slurry and
sonicated in Millipore water for 10-15 min to remove the physically
adsorbed impurities. These electrodes were washed repeatedly with
copious amount of Millipore water and dried in argon atmosphere.
The catalyst ink was prepared by mixing 0.4 mg of N-rGO-Mn3O4
with 200 μL N-methyl-2-pyrrolidone containing PVF (1 mg/mL) and
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sonicating for 2 h. An aliquot of 10 μL of the ink was drop casted on
the surface and dried in ambient temperature. The mass loading of the
catalysts on the electrode surface was kept at 0.1 mg/cm2.
Material Characterization. Transmission electron microscopic

(TEM) measurements were performed with JEOL JEM 2010 at an
operating voltage of 200 kV. Field-emission scanning electron
microscopic (FESEM) analysis was carried out with Carl Zeiss
Supra 40. Energy dispersive X-ray microanalyzer (OXFORD ISI 300
EDAX) attached to the electron microscope was used for elemental
compositional analysis of the hybrid material. X-ray diffraction (XRD)
analysis was carried out with a BRUKER D8 Advance XRD unit using
Cu−Kα (λ = 1.54 Ǻ) radiation. Perkin Elmer Spectrum 1 RX 1 FTIR
spectrometer was used for the FTIR analysis. XPS analysis was
performed at 1 × 10−10 mbar pressure with custom-built laboratory
version ambient pressure photoelectron spectrometer (Lab-APPES).41

Electrochemical experiments were performed in a two-compartment
three electrode cell with saturated calomel (SCE) as reference, a Pt
wire as counter and GC RDE or GC-Pt RRDE as working electrodes.
The polarization curves were recorded with an Autolab potentiostat/
galvanostat (302N) workstation with a computer controlled GPES
software and PINE electrode rotating instruments (USA). All the
experiments have been performed at least three times and reproducible
results were obtained.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of N-rGO-Mn3O4.

Scheme 1 illustrates the single-step synthesis of N-rGO-
Mn3O4 hybrid material. The synthetic protocol involves the in
situ reduction of both GO and Mn(VII), nitrogen doping onto
the carbon framework and growth of Mn3O4 over N-rGO in
one pot. Hydrazine hydrate actually plays two important roles
in the synthesis as a reducing as well as doping agent.
Simultaneous reduction of both GO and Mn(VII) ions has
been achieved with a single reducing agent. During the
reduction of GO, nitrogen is being doped into the graphene
framework. The concentration of hydrazine is very critical to
achieve the reduction of GO and Mn(VII) ions and nitrogen
doping. An optimized amount of 4 mM of hydrazine is required
for the reduction of both GO and Mn(VII) and doping of the
carbon framework. Although low concentration of hydrazine (<
4 mM) is sufficient enough for the reduction, effective doping
of nitrogen was not achieved. The percentage of nitrogen on
the carbon framework was less (N/C ratio ≤0.05) at low
concentration of hydrazine. Figure 1A is the XRD profile
obtained for free Mn3O4 and N-rGO-Mn3O4 hybrid material.

The diffraction profile shows characteristic signature (JCPDS
24-0734) for tetragonal hausmannite crystal structure of
Mn3O4. All the peaks were indexed according to the JCPDS
file No. 24-0734. No additional peaks were observed,
confirming the absence of other manganese oxides or impurity.
The lattice constants were calculated from the diffraction
profile and were a = b = 5.78 and c = 9.467 Å, which are in
agreement with the anticipated value for Mn3O4 from JCPDS
file.42 The broad peak in the range between 22 and 24° is
assigned to the disordered rGO layers.43 The exfoliation and
chemical oxidation essentially increases interlayer spacing with
respect to graphite. The characteristic signature at 10.4o for GO
is completely absent. The Raman spectral profile for GO, free
Mn3O4, and N-rGO-Mn3O4 is shown in Figure 1B. The Raman
spectra of GO show characteristic D and G bands at 1364 and
1604 cm−1, respectively. The D and G band ratio (ID/IG) for
GO is 0.811. The D band is associated with the structural
defects, whereas the G band corresponds to the E2g mode for
sp2 carbon domain. In the case of N-rGO-Mn3O4, a 14−22
cm−1 red shift of both D and G bands was observed. It is
generally accepted that the relative intensity ratio of these
bands is a measure of the disorder and extent of defects in the
graphitic materials. A significant increase in the ratio (ID/IG
=1.31) of these bands was observed for the N-rGO-Mn3O4,
indicating the increase in the (i) defects due to nitrogen doping
onto the conjugated carbon framework and (ii) disorder of
rGO layers.44,45 The G band of N-rGO-Mn3O4 shifted to 1590
cm−1 and it can be attributed to doping or strain effect.46,47 The
sharp and predominant peak at 660 cm−1 and the small peaks
∼310 and 370 cm−1 for both free Mn3O4 and N-rGO-Mn3O4

Scheme 1. Scheme Illustrating the One-Pot Synthesis of N-rGO-Mn3O4 Hybrid Material

Figure 1. (A) XRD profile and (B) Raman spectra of Mn3O4
nanoparticles, N-rGO-Mn3O4 hybrid material and GO.
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are associated with the crystalline Mn3O4 nanoparticles.
20,48 It

is interesting to note that the hybrid material retains the
structural integrity of both rGO and Mn3O4. The FTIR spectral
measurements further confirm the reduction of oxygen
containing functional groups of GO. Significant decrease in
the intensity of the peaks corresponding to the oxygen
containing functionalities has been noticed. Moreover,
characteristic signature for the coupling corresponding to the
Mn−O stretching modes of tetrahedral and octahedral
manganese is also observed (see the Supporting Information).
The shape and structural morphology of N-rGO-Mn3O4

were analyzed by TEM measurements (Figure 2). The presence
of wrinkled rGO sheets and random distribution of Mn3O4
naonparticles over the sheet are clearly seen in the image. The
nanoparticles have quasi spherical shape with an average size of
40 nm. The histogram shows that >30% of the particles have
the size of 37 nm. The selected area electron diffraction
(SAED) pattern was obtained by focusing the electron beam on
the Mn3O4 naoparticles and it shows well-defined spotty
pattern confirming that the nanoparticles are actually single
crystalline. The high-resolution image shows the fringe spacing
of 0.32 nm, corresponding to the (112) plane of spinel Mn3O4.

The SAED pattern and HRTEM image are consistent with the
XRD profile shown in Figure 1A. EDS measurement performed
with the hybrid material confirms the presence of C, Mn, N and
O. The atomic percentage of C, N, O and Mn was found to be
72.36, 5.35, 14.12, and 8.03, respectively (see the Supporting
Information). The nitrogen-to-carbon elemental ratio (N/C)
was calculated to be 0.073. The FESEM and elemental mapping
analysis further confirm the presence of these elements in the
hybrid material (see the Supporting Information).
To understand the composition and chemical nature of N-

rGO-Mn3O4 hybrid material, XPS measurements have been
performed. The survey scan spectrum shows the signature for
C, N, O, and Mn (see the Supporting Information). C1s
spectrum of GO show a broad peak at 284.5 with shoulder at
high binding energy and another small peak at 288.6 eV. To
resolve the contribution of different types of carbon,
deconvolution was employed. The deconvoluted C1s spectrum
of GO has two main peaks centred at 284.34 and 286.4 eV and
a small peak at 288.6 eV in agreement with the literature. The
peak at 284.34 eV is attributed to the binding energy of sp2 C−
C bond and the peak at 286.4 eV is associated with C−O bonds
in epoxy/hydroxyl/carbonyl group of GO. The small peak is

Figure 2. (A) TEM image and (B) the corresponding histogram of the hybrid material. HRTEM image and SAED pattern are shown in inset.

Figure 3. Deconvoluted XPS profile of N-rGO-Mn3O4 hybrid material: (A) C 1s, (B) N 1s, (C) Mn 2p, and (D) Mn 3s. The survey scan spectrum is
given in the Supporting Information.
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attributed to the CO and O−CO functionalities of
GO.38,49,50 In the C1s spectrum of N-rGO-Mn3O4, the peak
corresponding to C−C became predominant and the intensity
of the characteristic peaks for the oxygen containing
functionalities significantly decreased, though not completely
vanished (Figure 3A). The decrease in the intensity of the
peaks at 286.4 and 288.6 eV is in good agreement with FTIR
results (see the Supporting Information), confirming the
successful removal of most of the oxygen containing hydroxyl
and epoxide functionalities. Carbon associated with nitrogen
appears at 285.3 eV, which is distinctly seen on deconvolution,
suggesting the introduction of nitrogen into the rGO sheets.
The nitrogen doping onto the carbon framework was further
confirmed by XPS analysis. The deconvoluted N 1s spectra
(Figure 3B) shows signature for pyridinic (40%), pyrrolic
(53%), and pyridinic N oxide nitrogen (7%) at 398.66, 400.12,
and 402.32 eV, respectively.9,11 The close examination of XPS
profile shows that the hybrid material has N/C elemental ratio
of 0.07 and 40% of the total nitrogen is of pyridinic in nature.
The N/C elemental ratio from XPS measurement is in excellent
agreement with the EDS measurement (vide supra).The
presence of large amount of pyridinic nitrogen is advantageous,
as the graphene doped with pyridinic nitrogen is known to be
electrocatalytically highly active towards ORR.9,14 Mn 2p and
3s core levels were analyzed in N-rGO-Mn3O4 hybrid material
to know the changes in oxidation state of Mn and the results
are given in Figure 3C and D, respectively. The peaks observed
at 641.5 and 653.2 eV correspond to Mn 2p3/2 and Mn 2p1/2,
respectively. This binding energy corresponds to the oxidation
state of Mn(II) and Mn(III) and it is difficult to distinguish.

The energy separation between these peaks is 11.7 eV, which is
in agreement with the earlier literature on mixed valent
Mn3O4.

51,52 In the Mn 3s spectra, two peaks at 82.8 and 88.4
eV with the separation of 5.6 eV were observed (Figure 3D);
the exchange interaction between the electrons in 3s and other
unpaired electrons cause the splitting of 3s spectra and is in
accordance with the previous literature.20 The Mn 3s splitting
value of 5.6 eV is corresponding to the mixed valence state of
Mn(II) and Mn(III).51,52

Electrocatalytic Reduction of Oxygen. The ORR activity
of N-rGO-Mn3O4 hybrid material was explored using hydro-
dynamic voltammetry. The catalytic performance of the hybrid
materials was compared with free Mn3O4 nanoparticles, N-
rGO, 10% Pt/C and the physical mixture of Mn3O4 with N-
rGO and rGO (N-rGO/Mn3O4 and rGO/Mn3O4). Figure 4A
is the polarization curves registered for these catalysts in 0.1 M
KOH solution at 1600 rpm. As can be seen, the N-rGO-Mn3O4
hybrid material shows the onset potential for the reduction of
oxygen at -0.075 V, which is 60-225 mV less negative than that
of rGO/Mn3O4, Pt/C, free Mn3O4 ,and N-rGO/Mn3O4. The
well-defined polarization curve obtained on the N-rGO-Mn3O4
hybrid material-based electrode indicates the facilitated electron
transfer kinetics for ORR. The current density at the potential
of -0.6 V on N-rGO-Mn3O4 is 1.3-2.3 times higher than that of
the N-rGO and free Mn3O4 and is very close to that of Pt/C. It
should be noted here that catalytic current density achieved
with the hybrid material at the mass loading of 0.1 mg cm−2 is
equivalent to that of 10% Pt/C at the same loading. The
kinetics of ORR was further examined by registering the
hydrodynamic voltammograms at different rotations of the

Figure 4. (A) Polarization curves illustrating the electrocatalytic performance of (a) free Mn3O4, (b) rGO/Mn3O4 mixture, (c) N-rGO, (d) N-rGO/
Mn3O4 mixture, (e) 10% Pt/C, and (f) hybrid N-rGO-Mn3O4 towards ORR at 1600 rpm. (B) Polarization curves at different rotation with the
hybrid catalyst and the (C) corresponding K-L plot for the hybrid material at different potentials. (D) Plot illustrating the percentage of peroxide
yield, current density and number of electrons transferred with all the catalyst. Peroxide yield, current density and number of electrons were
calculated using the ring/disk current at the potential of −0.6 V. Supporting electrolyte: O2 saturated 0.1 M KOH. Scan rate: 5 mV/s.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405213z | ACS Appl. Mater. Interfaces 2014, 6, 2692−26992696



electrode and analyzing with Koutecky−Levich (K−L) plot
(Figure 4C and the Supporting Information). The linear
increase in the limiting current implies a diffusion limited
electron transfer reaction on the catalyst-modified electrodes.
The K−L plot has similar slopes at different potential,
suggesting that the number of electrons (n) transferred is
almost same at all the potentials (vide infra). It is worth
pointing out here that the catalytic activity of the N-rGO-
Mn3O4 hybrid material is superior to that of the physical
mixture of free N-rGO and Mn3O4, indicating the existence of
strong integration between N-rGO and Mn3O4 and synergistic
effect of the hybrid. The synergistic effect of N-rGO and
Mn3O4 actually facilitate the electron transfer for ORR.
Polarization curves were registered with RRDE to understand
the reaction pathway. The n value for ORR and the percentage
of HO2

− generated during the reaction was obtained according
to the literature procedures16 (Figure 4D and the Supporting
Information). The n value and the percentage of HO2

− depend
on the electrode potential (Supporting Information). For the
N-rGO-Mn3O4 hybrid material, the average value of n was 3.8,
which is close to 4 for the direct reduction of oxygen to water.
The percentage of HO2

− during ORR varies between 5 and
12.3% in the potential range of −0.2 to −0.6 V on the N-rGO-
Mn3O4 hybrid material, suggesting that the catalyst mainly
favors the four-electron pathway for ORR. However, in the
cases of free Mn3O4, N-rGO, and the physical mixture, the
HO2

− yield was >25% (Figure 4D), indicating that ORR
involves a mixed electron transfer pathway. It should be noted
here that both free Mn3O4 and the physical mixture have
similar HO2

− yield and n value, implying that the property of
the physical mixture is similar to that of free Mn3O4 and is
largely different from the hybrid material.
The pronounced catalytic activity of N-rGO-Mn3O4 can be

explained by considering the synergistic effect. Recently, Ruoff’s
group demonstrated the effect of nitrogen doping in ORR and
concluded that the catalytic activity of nitrogen-doped graphene
depends on the nature and amount of nitrogen content.14 It has
been shown that the graphitic nitrogen actually enhances the
limiting current whereas the pyridinic nitrogen shifts the onset
potential for ORR. The pyridinic nitrogen favors the direct
reduction pathway for ORR. The careful examination of the
XPS profile reveals that N-rGO-Mn3O4 has 40% of pyridinic
nitrogen. One can account the enhanced activity to the
existence of pyridinic nitrogen. However, the catalytic perform-
ance of free N-rGO in terms of onset potential and current

density is poor; the onset potential is 165 mV more negative
and the current density is 26% less than that of the hybrid
material. The poor activity could be due to the coexisting
pyrrolic nitrogen on the carbon framework. Moreover, N-rGO
favors the mixed electron transfer pathway for ORR and the
yield of HO2

− >40%, which is significantly higher than the
hybrid material. (Figure 4D). It is concluded that the
pronounced electrocatalytic activity is essentially originates
from the synergistic effect of both Mn3O4 and N-rGO; the
synergistic effect is mostly due to nitrogen being at the interface
in the hybrid material. The integration of Mn3O4 with N-rGO
enables in overcoming the slow electron conduction in Mn3O4
and very likely, the interface between the above constituents
plays a major role in increasing the overall catalytic perform-
ance. Probably, nitrogen from N-rGO may be at the interface to
bridge the constituents and facilitate the electron transfer. It is
worth pointing out here that the electrocatalytic performance of
the physical mixture of undoped rGO and Mn3O4 is inferior to
the other catalyst tested (Figure 4). It strongly supports that
the nitrogen of the N-rGO-Mn3O4 hybrid actually plays a key
role in facilitating the electron transfer for ORR.
The durability and methanol tolerance are the two major

concerns with the traditional Pt-based electrocatalyst. Although
Pt-based catalysts are known to be catalytically active, they have
methanol intolerance and are not durable. The N-rGO-Mn3O4
hybrid material has excellent tolerance towards methanol;
polarization curves were recorded for ORR in the presence of
high concentration of methanol (1 M) and the voltammetric
response is essentially the same as in the absence of methanol,
confirming that the new hybrid material has excellent tolerance
towards methanol (Figure 5A). The hybrid material does not
catalyze the oxidation of methanol in the potential window
used for ORR. It is interesting to note that the presence of
methanol does not alter the electrocatalytic performance of the
hybrid material towards ORR. The methanol tolerance was
further examined by registering the amperometric i−t curve in
the absence and presence of methanol (1 M). The
amperometric current on N-rGO-Mn3O4 does not change
even after the addition of high concentration of methanol,
ascertaining the high tolerance of the hybrid material. It is
worth to point out here that a large increase in the current was
noticed for Pt/C upon the addition of methanol, indicating the
intolerance of Pt/C towards methanol. It is known that the Pt-
based catalysts are capable of catalyzing the oxidation of
methanol. The durability of the hybrid material was examined

Figure 5. Polarization curves illustrating (A) methanol tolerance and (B) durability of the hybrid material. Methanol tolerance was examined in the
oxygen saturated solution containing methanol (1 M). The durability test was performed using the same electrode for 3000 extensive cycles. The
overlaid curves were obtained (a) before and (b) after 3000 extensive potential cycles.
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by registering the polarization and amperometric i−t curve in
O2-saturated 0.1 M KOH electrolyte. The electrode was
subjected to extensive potential cycling in between 0.2 and
−0.8 V. The polarization curve obtained before and after 3000
cycles shows only a 4% decrease in the limiting current.
Interestingly, no significant change in the onset potential was
noticed; only 10 mV negative shift in the half-wave potential
was noticed after extensive 3000 cycles, implying the high
durability of the hybrid catalyst (Figure 5B). The amperometric
measurement further confirms the durability of the hybrid
material. Only a 14% decrease in the initial current was
observed after 10000 s of the measurement. In the case of Pt/
C, more than 42% decrease in the initial current was obtained
during the durability test (see the Supporting Information).

■ SUMMARY

In summary, a facile chemical route for the single-step synthesis
of hybrid material based on N-rGO and Mn3O4 and the
electrocatalytic performance toward ORR have been demon-
strated. The novelty of our synthetic method is that nitrogen
doping of carbon framework and reduction of both GO and
Mn(VII) have been achieved in single step using a single
reducing agent for the first time. The Mn3O4 nanoparticles on
the N-rGO sheets have an average size of 37 nm. The spotty
SAED pattern suggests the single crystalline nature of the
Mn3O4 nanoparticles. The hybrid material has excellent
electrocatalytic activity towards ORR in alkaline solution and
it favors the four electron reduction of oxygen to water. Unlike
N-rGO and free Mn3O4 nanoparticles, the hybrid material show
high current density and less negative onset potential. The
overall catalytic performance is superior to that of the N-rGO,
free Mn3O4, and their physical mixture. It is highly durable and
has excellent tolerance towards methanol. The performance of
our hybrid catalyst in terms of current density, onset potential,
durability, and methanol tolerance implies the synergistic effect
of the hybrid. The major advantage of the in situ synthetic
protocol is the integration of the individual properties of both
N-rGO and Mn3O4 in single-step without compromising the
catalytic activity. The integration of the individual property
actually enhances the overall performance of the hybrid catalyst.
The current density achieved with the hybrid material at 0.1 mg
cm−2 loading is nearly equivalent to that of 10% Pt/C at the
same loading. Our study suggests that N-rGO-Mn3O4 hybrid
material can be effectively used as cathode catalyst in alkaline
fuel cell.
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