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Abstract. Synthesis of metal-free electrocatalyst for the cathodic reduction of oxygen is of great interest for
fuel cell and metal-air battery applications. The heteroatom-doped graphene/reduced graphene oxide (rGO)
is very promising and the nitrogen-doped rGO (N-rGO) is emerging as a new inexpensive electrocatalyst for
oxygen reduction reaction (ORR). Herein, we describe the effect of the chemical nature and amount of nitrogen
in N-rGO towards ORR in acidic solution. Four different samples of N-rGO with different nitrogen content
were synthesized by simple chemical route. The chemical nature and nitrogen content were analyzed with Xray photoelectron spectroscopic measurements. The electrocatalytic performance of the catalyst was examined
by cyclic and hydrodynamic voltammetric studies. All the N-rGO samples favor 4-electron pathway for the
reduction of oxygen in acidic solution. The onset potential and kinetic current density depends on the nature of
the doped nitrogen. It is demonstrated that the chemical nature and the amount of nitrogen actually control the
ORR activity. The N-rGO which contains a large amount of pyridinic nitrogen with N/C ratio of 0.074 has high
catalytic activity. The carbon bonded to pyridinic nitrogen could be a possible catalytic site in ORR. Our studies
suggest that the graphitic nitrogen does not signiﬁcantly inﬂuence the electrocatalytic activity of N-rGO.
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1. Introduction
Oxygen reduction reaction (ORR) is one of the most
extensively studied electrochemical reactions for fuel
cell and metal-air battery applications. Oxygen can be
reduced to water in aqueous medium via two different pathways: (i) 2-step 2-electron (peroxide pathway)
and (ii) direct 4-electron pathways. The mechanism of
ORR largely depends on the nature of the electrode,
solution pH, solvent, etc. The catalyst that favors the
4-electron pathway for ORR is critically required for
fuel cell and metal-air batteries. Traditionally, Pt has
been used as a cathode catalyst in polymer electrolyte
membrane fuel cells. Pt is known to favor 4–electron
pathway in acidic and alkaline pH. However, the high
cost, lack of durability and poor electron transfer kinetics limits the use of Pt for practical application. Moreover, in the membrane electrode assembly of fuel cell,
the carbon supported Pt catalysts are not effectively
used in the catalysis as most of the catalysts are buried
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inside the pores of carbon. A high surface area catalyst support, inexpensive and durable electrocatalysts
are critically required for fuel cell applications. Skillful
design of less expensive metal-free or non-Pt catalyst
without compromising the electrocatalytic activity is a
promising approach to increase the performance and to
decrease the overall cost of the fuel cell. Although, several attempts have been made in the past to develop such
catalyst, still it is a challenging task to achieve high
current density and durability with these catalysts.1–4
The non-precious metals and transition metal oxides
have been suggested as alternate electrocatalysts for
ORR.3–5 Although, these catalysts are considered to be
cost-effective, they do not promote the 4-electron pathway for ORR in acidic solution and their poor catalytic
activity limits their practical applications.
Recently, the metal-free carbon-based materials have
emerged as efﬁcient catalysts for ORR.6,7 Carbon nanotubes (CNTs) and one atom thick graphene have
attracted considerable attention owing to their unique
mechanical and electronic properties. The large speciﬁc
surface area, high electronic and thermal conductivity
of graphene make it as an ideal candidate for various
electrocatalytic applications. CNTs and graphene have
339
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also been used as catalyst supports for various electrocatalytic reactions.2,3,8,9 The electronic properties of
graphene can be effectively further tailored by doping
with heteroatoms like nitrogen, boron, sulfur, etc. The
doping of graphene or reduced graphene oxide (rGO)
has been achieved by chemical vapour deposition, arcdischarge, hydrothermal, etc., methods.10–13 The heteroatoms have been doped either on the basal plane or at the
edges of rGO sheets. Such doping is known to impart
interesting properties on the honeycomb carbon network.
These heteroatom doped carbon networks have been
exploited for catalytic, sensing, etc., applications.11–19
For instance, recent studies show that the nitrogen-doped
graphene and carbon nanotube have good electrocatalytic activity and they have been considered as an efﬁcient metal-free catalyst for oxygen reduction reaction
(ORR).11–17 The electrocatalytic activity of these metalfree catalysts are claimed to be better than or equivalent to that of the conventional Pt/C catalyst, although
the actual catalytic mechanism is not well understood.
Though several papers have been published on the electrocatalytic activity of nitrogen-doped graphene, the
actual mechanism involved in ORR and the active site
of the catalyst are not well established. The doped nitrogen is believed to play a key role in regulating the electrocatalytic performance of rGO towards ORR. Does
the electronic nature of nitrogen on rGO and nitrogen
content really matter in the electrocatalytic performance?
What type of nitrogen is more active towards ORR?
Nitrogen-doped rGO (N-rGO) containing different types
and varying amount of nitrogen were synthesized20,21
using single source reducing/doping agent and explored
the catalytic performance to answer these questions.
Herein, we describe the synthesis of N-rGO containing varying amount of nitrogen and its electrocatalytic
activity towards ORR in acidic solution. We demonstrate that the nature of nitrogen and nitrogen content
actually control the electrocatalytic activity of N-rGO.

exfoliation of graphite. Brieﬂy, graphite powder (1 g)
was mixed with concentrated H2 SO4 (50 mL) 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 it was stirred continuously for 1 h at room temperature. The reaction mixture was then diluted with
200 mL of water. After 15 min, 30% H2 O2 solution
(∼5 mL) was added to the reaction vessel until the
gas evolution ceased. The exfoliated graphite was then
separated from the reaction mixture by centrifugation
process. The residue was then washed thoroughly with
5% HCl solution. The washing was continued until the
supernatant gave a negative test for the sulfate ions with
aqueous BaCl2 solution. The yellow-brown residue
obtained after repeated washing with HCl was further
washed with copious amounts of Millipore water and
dried in vacuum.
2.3 Synthesis of N-rGOs
In a typical procedure, 20 mg of GO was dispersed in
40 mL of water in a round bottom ﬂask by ultrasonication for 1 h. Then 200 µL of 25% NH3 solution was
added into the GO dispersion and the pH of the reaction
mixture was maintained between 9 and 10. Required
amount of hydrazine hydrate (99%, 1.03 mg/mL) was
then added to the reaction mixture and reﬂuxed at a
temperature of 95◦ C for 3 h. Then the mixture was centrifuged and washed thoroughly with copious amount of
water and alcohol and dried at 150◦ C in vacuum oven.
Hereafter the product obtained with different concentration of hydrazine hydrate, 0.01, 0.02 0.05 and 0.1
mM, are referred to as N-rGO1, N-rGO2, N-rGO3 and
N-rGO4, respectively. The undoped rGO was synthesized by reﬂuxing 20 mg GO in 20 mL ethylene glycol
at 180◦ C for 3 h.4
2.4 Electrode preparation

2. Experimental
2.1 Materials and reagents
Graphite and hydrazine hydrate were purchased from
Sigma Aldrich. NH3 , NaNO3 , KMnO4 , H2 SO4 and all
the other chemicals were obtained from Merck India.
All the solutions were made with Millipore water (Milli
Q system).
2.2 Exfoliation of graphite and synthesis of GO
GO was synthesized according to our earlier procedure3,4,22,23 based on Hummer’s method24 by the

The glassy carbon (GC) rotating disk (RDE) and GCPt rotating ring-disk electrodes (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.The catalyst ink was prepared
by mixing the as-synthesized materials (0.4 mg) with
200 µL Naﬁon (1%) in ethanol and sonicating it for an
hour. An aliquot of the catalyst ink was drop-cast on the
surface of the electrode and dried at room temperature.
The mass of the catalyst on the electrode surface was
kept at 0.1 mg/cm2 .
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2.5 Instrumentation
The surface morphology of the catalyst was examined
with JEOL JEM 2010 transmission electron microscope
(TEM) at an operating voltage of 200 kV and FEI
NOVA NANOSEM 450 ﬁeld emission scanning electron microscope (FESEM). Energy dispersive X-ray
microanalyzer (BRUKER EDAX) attached to the electron microscope was used for elemental compositional
analysis of the catalyst. FTIR analysis was carried out
with Perkin Elmer Spectrum 1 RX 1 FTIR spectrometer. The X-ray photoelectron spectroscopic (XPS) measurements were carried out with PHI 5000 versaprobe
II scanning XPS microscope using the energy source Al
(Kα, hν = 1486.6 eV). XPS data were deconvoluted
and analyzed using XPS peak-ﬁt software. Raman spectroscopic measurement was performed using a Jobin
Yvon Horiba T64000 spectrometer (France) with an
excitation source of Argon-Krypton mixed ion gas
laser (514 nm, Spectra Physics, USA). Electrochemical
experiments were done in a two-compartment, threeelectrode cell with Ag/AgCl (3M KCl) reference, a Pt
wire auxiliary and GC rotating disk (RDE) and GC
disk-Pt ring rotating-ring-disk (RRDE) working electrodes. Autolab potentiostat-galvanostat (302 N) workstation with computer controlled GPES software and
PINE electrode rotating instruments (USA) were used
in the electrochemical studies. All the potential value
is referred against the reversible hydrogen electrode
(RHE). The Ag/AgCl (3M KCl) reference electrode
was calibrated using the standard procedures (ﬁgure S1
in Supplementary Information, SI).25

3. Results and Discussion
3.1 Synthesis and characterization
Scheme 1 illustrates the chemical route for the reduction of graphene oxide (GO) and nitrogen doping
onto the rGO framework. Reduction of GO and nitrogen doping were achieved in single-step with single
reagent, hydrazine hydrate. The FTIR spectral measurements show a remarkable decrease in the intensity of the peaks corresponding to the stretching of
oxygen containing functionalities such as C=O (1720
cm−1 ), epoxy C-O (1227 cm−1 ), carboxylic C-O (1320–
1210 cm−1 ), alkoxy C–O (1050 cm−1 ), O–H stretching (3400 cm−1 ) and O–H deformation vibrations (1410
cm−1 ) (ﬁgure 1a).22,23 The intense peak at 800 cm−1 is
attributed to C-H bending vibration; gradual increase
in the intensity of this band was noticed while increasing the amount of reducing agent in the reaction vessel
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(from N-rGO1 to N-rGO4) due to the gradual recovery of C-H bond at the periphery of rGO framework.26
A careful examination of the FTIR spectral proﬁle
(ﬁgure 1a) reveals that the characteristic signature
for the oxygen containing functional groups steadily
decreases from N-rGO1 to N-rGO4; the peaks vanished in the case of N-rGO4, implying the effective
removal of oxygen functionalities by hydrazine. A new
peak attributed to the skeletal vibration of graphene
was noticed at 1580 cm−1 .22,26 Moreover, the characteristic C-N stretching vibration was observed at 1000,
1100 and1270 cm−1 .27–29 The Raman spectra of GO
(ﬁgure 1b) show characteristic D and G bands at 1350
and 1600 cm−1 , respectively.12 The D band is due to
the structural defects whereas the G band is associated
with the E2g mode of sp2 carbon domain in the rGO
network. The integrated intensity ratio of the D and G
bands in GO is 0.89 and it gradually increases to 1.18
while moving from N-rGO1 to N-rGO4. The intensity
ratio can be taken as an indication of relative disorder
present in the carbon network.20,30,31 The increase in the
ratio suggests the presence of defects associated with
nitrogen doping and decrease in the average size of sp2
domain.20,30,31 Furthermore, as can be seen in ﬁgure 1b,
gradual red shift of D band position was observed while
moving from N-rGO1 to N-rGO4. Such a shift may be
ascribed to the presence of defects or strain effect due
to doping, though the actual reason for such shift is not
clearly understood at the present stage.
Figure 2 displays the TEM images of N-rGO3 and
selected area electron diffraction (SAED) pattern. The
spotty SAED pattern in the inset (ﬁgure 2a) reveals
the single crystalline nature of the N-rGO3 sheet. The
FESEM image and the corresponding elemental mapping and EDX analysis conﬁrm the presence of nitrogen, carbon and oxygen (ﬁgure S2). The XPS analysis
supports the reduction of GO and the doping of nitrogen atom onto the rGO framework. The XPS surface
survey scan of all N-rGOs shows characteristic signature for C, O and N (ﬁgure S3).The deconvoluted C1s
spectra of GO shows three peaks at 284.34, 286.4 and
288.5eV corresponding to C-C, C-O (epoxy, hydroxyl,
etc.) and carboxyl (-O=C-O-) functions of GO, respectively (ﬁgure S4A).11,26 The removal of oxygen functionalities and the graphitization of the carbon network
is clearly seen in the deconvoluted C1s spectral proﬁles of N-rGOs. As we move from N-rGO1 to N-rGO4
the intensity of the peak corresponding to the oxygen
functionalities decreases with a concomitant increase in
the intensity of the peak at 284.34 eV corresponding
to the sp2 C-C bond. It suggests the efﬁcient removal
of oxygen functionalities and the recovery sp2 carbon
at high concentration of hydrazine hydrate. In order to
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Scheme 1. Schematic illustration of the synthesis of N-rGO.
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Figure 1. (a) FTIR and (b) Raman spectral proﬁles of GO and different N-rGOs.

Figure 2. TEM image of N-rGO3 (a, b). The SAED pattern of the corresponding TEM
image is shown in Figure 2a inset.
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Table 1.

Nitrogen content (N/C atomic ratio) of N-rGO samples acquired from XPS proﬁle.∗
Pyridinic∗

Pyrrolic∗

Graphitic∗

Pyridinic N oxide∗

Total N/C ratio

C/O ratio

0.02
0.028
0.040
0.044

0.0143
0.022
0.018
0.0182

0.0137
0.012
0.013
0.0148

0.0042
0.003
0.003
0.003

0.052
0.065
0.074
0.078

3.4
4.44
4.56
5.66

N-rGO 1
N-rGO 2
N-rGO 3
N-rGO 4

*Data given here are the atomic ratio of the respective nitrogen and carbon (N/C) present in the
samples.

quantitatively monitor the removal of oxygen functionalities, the C/O ratio was obtained for all N-rGOs
from the XPS proﬁles. A steady increase in the C/O
was noticed while moving from N-rGO1 to N-rGO4
(table 1). A new peak has emerged at 285.5eV for
the C-N bond, indicating the doping of nitrogen onto
the rGO framework. The intensity of this band for NrGO3 and N-rGO4 is signiﬁcantly high with respect to
N-rGO1 and N-rGO2. The deconvoluted N1s spectra
show characteristic signatures for four types of nitrogen such as pyridinic, pyrrolic, graphitic and pyridinic
N oxide (ﬁgures 3 and 4).3,11,16,17 The close examination of the XPS proﬁles reveal that both N-rGO3 and
N-rGO4 have almost same % of pyridinic and pyrrolic
nitrogens. N-rGO3 and N-rGO4 have as large as 53% of
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N/C and C/O ratio gradually increases while increasing
the concentration of reducing/doping agent, suggesting that, (i) facile doping of nitrogen and (ii) efﬁcient
removal of oxygen functionalities at high concentration of the doping/reducing agent. Moreover, we could
achieve reasonably good amount of nitrogen doping
with our simple chemical method.
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Figure 3. Deconvoluted XPS N1s spectral proﬁles of different N-rGOs.
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Figure 4. Four different types of nitrogen present in N-rGOs. The data given in the plot is the atomic ratio of the respective
nitrogen and carbon (N/C) present in the samples.

is signiﬁcantly higher than that of other N-rGOs. It is
worth pointing out here that the undoped rGO does not
show any characteristic signature for ORR (ﬁgure S5)
in our experimental condition, indicating that the doped
nitrogen on the rGO framework is actually responsible for the catalytic activity of N-rGO. Figure 5c is the
polarization curves obtained for ORR with different NrGOs. In all the cases, steady and gradual increase in the
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with N-rGO3 and N-rGO4 (ﬁgures 5a and 5b). On
the other hand, the voltammetric response of N-rGO1
and N-rGO2 is rather ill-deﬁned, suggesting sluggish
electron transfer kinetics. The reduction peak potential for oxygen on N-rGO3 and N-rGO4 is signiﬁcantly
more positive than that of N-rGO1 and N-rGO2, indicating the high electrocatalytic activity of N-rGO3 and
N-rGO4. The current density on N-rGO3 and N-rGO4
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Figure 5. Cyclic voltammogram in Ar and O2 saturated electrolyte presented by dotted and
solid line, respectively, for (a) N-rGO1 and N-rGO2, (b) N-rGO3 and N-rGO4, scan rate
50 mV/s (c) Polarization curves for ORR on different N-rGO catalysts in 0.5 M H2 SO4 solution at 1600 rpm, scan rate, 5 mV/s. (d) corresponding Koutecky-Levich plot for the different
N-rGOs at 0.27 V.
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limiting current was obtained while increasing the rotation. The polarization curves on N-rGO3 and N-rGO4
are better deﬁned, suggesting facile electron transfer
kinetics. As can be seen, the onset potential and the limiting current density on N-rGO3 and N-rGO4 is higher
than that of the other two N-rGOs. Both N-rGO3 and NrGO4 show almost identical limiting current density of
∼2.7 mA/cm2 , which is around 1.26 times higher than
the other N-rGOs at the potential of 0.17 V. The polarization curves were analyzed using Koutecky-Levich
(K-L) plot according to the following equation:7,32
1
1
1
+
=
j
jk
jd

(1)

Where j is the current density, and jK is the kinetic current density at a particular potential, jd is the diffusion
limiting current density. Linear K-L plot with similar
slope was obtained at different potential (ﬁgure 5d).
RRDE experiments were performed to further understand the ORR kinetics (ﬁgure S6B). The number of
electrons transferred during ORR and the % of H2 O2
generated during ORR was obtained from K-L plot and
RRDE voltammograms from the following eqns. 2 and
3:4,7,33
4 × Id

n= 
(2)
Id + NIr
%H2 O2 = 200 ×

Ir
(Id + Ir /N)

(3)

Here, Id is the disk current, Ir is the ring current, and N
is the geometric factor of the RRDE known as current
collection efﬁciency of the Pt ring, which was determined to be 0.37. The number of electrons transferred
for all the catalysts throughout the potential range is
∼3.9 suggesting that N-rGO favors the 4-electron pathway for the reduction of oxygen. The kinetics of electrocatalytic reduction of oxygen was further analyzed
by the Tafel plot. The mass transport-correcte Tafel plot
(ﬁgure S7A) was made using the following equation:33
jk =

j.jd
jd − j

Table 2.

(4)

N-rGO1
N-rGO2
N-rGO3
N-rGO4

Tafel slope in the low current density region on NrGO3 and N-rGO4 catalysts was calculated to be 72
mV dec−1 and 83 mV dec−1 , respectively. On the other
hand, in the higher current density region, N-rGO3
and N-rGO4 has the slope of 140 and 151 mV dec−1 ,
respectively. The slopes are slightly higher than that
of those of the conventional Pt-based electrocatalysts.
Tafel slope obtained for our catalyst is closely similar
to those reported for the natively grown nitrogen-doped
graphene/porous carbon and phosphorus doped porous
carbon.34,35 Tafel slope on N-rGO1 and N-rGO2 deviates largely (higher than that of N-rGO3 and N-rGO4)
from the theoretical values, presumably due to the poor
oxygen adsorption and sluggish reaction kinetics. Further studies are required to quantitatively evaluate the
reaction kinetics and to probe the reaction mechanism.
The durability of the catalysts was studied by registering amperometric i-t curve in O2 saturated 0.5 M H2 SO4
(ﬁgure S7B). The potential of the electrode was biased
at 0.17 V and the current was monitored for a period of
10,000 s. Only a small decrease in the current (1-3.5%)
was observed for the N-rGO3 and N-rGO4 catalyst after
10,000 s, indicating the high durability of the catalyst.
In the case of N-rGO1 and N-rGO2, signiﬁcant loss of
current was noticed.
A careful analysis of the polarization curves for
ORR reveals that the electrocatalytic activity of NrGO3 and N-rGO4 is signiﬁcantly higher than that of
other N-rGOs (table 2). It is worth comparing the electrocatalytic performance of our catalyst with the other
nitrogen-doped electrocatalysts synthesized at various
experimental conditions (table S1 in Supplementary
Information). In most of the cases, the catalyst was
synthesized by thermal annealing at high temperature
and the onset potential falls in between 0.6 and 0.8
V. Limiting current density ranging from 1.7 to 4.5
mA/cm2 has been achieved. In our case, we used the
chemical doping method and we could achieve a current density of 2.7 mA/cm2 with an onset potential of
0.66 V, suggesting that our catalysts have comparable
electrocatalytic activity. Interestingly, Tafel slope of NrGO3 and N-rGO4 catalyst is close to that of the Pt

The catalytic activity for N-rGOs.

Electrocatalysts
(N-rGOs)

345

Onset
potential
(V)

Kinetic current
density at 0.27 V
(mA/cm2 )

Current density
at 0.27 V
(mA/cm2 )

0.55
0.58
0.66
0.66

2.2
2.63
4
4.31

1.64
1.94
2.71
2.76
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electrocatalyst. The high electrocatalytic activity can be
explained by considering the type of carbon-nitrogen
bond and the amount and chemical nature of nitrogen
doped onto the rGO network. The change in the chemical and electronic environment can signiﬁcantly inﬂuence the ORR activity of the catalyst. The exact role of
different types of nitrogen in the electrocatalytic reduction of oxygen is still a matter of dispute. Some of the
research groups suggest that the pyridinic nitrogen is
catalytically active36–42 whereas other groups support
the involvement of graphitic nitrogen.43,44 The contribution of both pyridinic and graphitic nitrogen in the
catalytic activity cannot be ruled out.17,45 Ruoff’s group
claimed that the amount of graphitic nitrogen determines the limiting current density whereas the pyridinic nitrogen play important role in improving the
onset potential for ORR.17 Our studies reveal that the
pyridinic nitrogen plays key role in catalyzing ORR.
As described earlier the % of pyridinic nitrogen in NrGO3 and N-rGO4 is higher than that of the other NrGOs. The doping of electronegative nitrogen atom onto
the carbon network breaks the electroneutrality of C-C
bond and change the chemical nature of graphene. Such
doping polarizes the carbon atom and hence it can function as a favorable site for oxygen adsorption to facilitate the electron transfer for the reduction of oxygen.
Moreover, doping of pyridinic nitrogen onto the carbon network would increase the 2pπ state of C-N and
diminish the C-C electron density.46 The increase in the
N/C ratio would change the density of state near the
fermi level and alters the band structure for graphene
framework. The N-rGO3 and N-rGO4 has more than
50% pyridinic nitrogen and they have the highest onset
potential among all N-rGOs. The pyridinic type of
nitrogen has the main role in deciding the catalytic
activity. It has been suggested that the graphitic nitrogen
actually enhances the limiting current density.17 In our
case, though all our N-rGO1 and N-rGO2 catalysts have
almost same amount of graphitic nitrogen as N-rGO3
and N-rGO4, the limiting and kinetic current density
and the onset potential are lower in the case of both NrGO1 and N-rGO2. Moreover, the kinetic current density on N-rGO1 is ∼ 50% less than that of the N-rGO4
catalyst. Although N-rGO2 has the lowest amount of
graphitic nitrogen, the limiting and kinetic current density are higher than those of N-rGO1, suggesting that
the graphitic nitrogen may not have signiﬁcant inﬂuence in the catalytic activity. It is considered that the
pyridinic nitrogen actually promotes the catalytic activity of nitrogen-doped rGO. The C atom bonded to the
pyridinic nitrogen could be the actual catalytic site. The
contribution of other nitrogen may not be completely
ruled out, as all the catalysts contain four different types

of nitrogen. The synthetic limitation does permit the
doping of rGO only with pyridinic nitrogen.
4. Conclusions
The chemical nature and nitrogen content-dependent
electrocatalytic performance of nitrogen-doped reduced
graphene oxide towards ORR has been investigated. It
is demonstrated that the nitrogen content (N/C ratio)
actually controls the electrocatalytic performance. Our
study shows that the nitrogen-doped materials with
more amount of pyridinic nitrogen have high electrocatalytic activity. The amount of pyridinic nitrogen actually decides the onset potential and limiting current
density. The electrocatalytic performance of nitrogendoped reduced graphene oxide can be regulated by tuning the amount of pyridinic nitrogen. Nitrogen-doped
reduced graphene oxide with high N/C ratio and large
amount of pyridinic nitrogen has high catalytic activity among all the catalysts. The graphitic nitrogen has
limited ORR activity. The reduced graphene oxide with
only pyridinic nitrogen would provide more insight into
the actual catalytic site and the ORR mechanism. Further work is required to synthesize reduced graphene
oxide doped only with pyridinic nitrogen and to study
their catalytic activity.
Supplementary Information (SI)
Experimental details, elemental mapping, XPS survey
scan, deconvoluted C1s spectra, and cyclic voltammogram are given as supplementary information. For
details see www.ias.ac.in/chemsci.
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