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Abstract. The development of metal-free carbon-based catalysts for alkaline fuel cells has been the subject of current
interest, because of the low cost and improving fuel cell efficiency. Particularly, nitrogen-doped carbon shows prominent
results. Here, we show an oxygen reduction reaction (ORR) activity of nitrogen-doped graphene-like carbon materials (NGLC) prepared by heating bagasse-derived carbon and melamine in a 1:15 ratio. The N-GLC catalyst displays excellent
electro-catalytic activity towards the ORR with an onset potential of 0.92 V vs. reversible hydrogen electrode (RHE) in
alkaline media (0.1 M KOH). Moreover, the half-wave (E1/2) potential 0.83 V is almost the same compared to Pt-C
(40 wt%) catalyst and the diffusion limiting current of 4 mA cm–2. The rotating ring disc experiment showed a fourelectron pathway (n = 3.65) with the moderate peroxide (HO
2 ) yield. Due to its promising ORR activity and long-term
electrochemical stability, N-GLC catalyst is used in alkaline anion exchange membrane fuel cell (AEMFC) as a single
cell, about 6 mW cm–2 peak power density was achieved at the load current density of *20 mA cm–2. So the N-GLC can
be a cheap alternative ORR catalyst for AEMFC applications.
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Introduction

The oxygen electrocatalysis is gaining significance due to
its multiple applications, such as photocatalytic water
splitting, metal–air batteries, fuel cells, etc. [1–11]. The
oxygen reduction reaction (ORR) is recognized as the
kinetically limiting process for these applications. However, the electrode kinetics of ORR is enhanced in alkaline conditions compared to the acidic environment
[12,13], since the specific adsorption of the anions in the
alkaline medium is considerably weaker than acidic
medium [14]. In addition, nearly all materials are
stable in alkaline conditions because of the less corrosive
environment to the catalyst, which results in more facile
ORR kinetics in alkaline medium [15]. The general fourand two-electron pathways for ORR reaction in alkaline
condition is given below.
For a direct four-electron path, the standard reduction
potential of O2 to OH-; E0O2 =OH is 0.401 V vs. standard

hydrogen electrode (SHE)
O2 þ 2H2 O þ 4e

4OH ; E0 ¼ 0:401 V vs: SHE

ð1Þ

For a two-electron path, O2 is reduced to peroxide ion
O2 þ H2 O þ 2e


HO
2 þ OH ;

E0 ¼ 0:076 V vs: SHE
Followed by either further reduction

HO
2 þ H2 O þ 2e

3OH ; E0 ¼ 0:878 V vs: SHE
ð3aÞ

Or disproportionation
2HO
2

2OH þ O2

ð3bÞ

State-of-the-art platinum (Pt) is recognized as a decent
ORR catalyst, as it involves low overpotential and provides
high current output with four-electron reduction reaction
(dioxygen to water). However, Pt still suffers from methanol crossover, corrosion and poor long-term durability, and
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loses its efficiency either by aggregation or carbon monoxide
poisoning. In addition to high price and limited reserves, it
requires high catalytic density and high purity hydrogen
[16–18]. These complications limit fuel cell commercialization. There has been tremendous efforts and intensive research
to reduce or replace platinum (Pt) electro-catalyst with Pt
alloys or non-precious metal catalyst. Though metal oxides are
explored as efficient ORR electrocatalyst, the catalytic activity
dwindles overtime followed by metal leaching, which results
in poor durability [19–21]. On the other side, the development
of metal-free carbon-based electrocatalysts is gaining significance because of low cost, unique physicochemical structure,
multiple active catalytic sites and good electric conductivity
[22–24]. Particularly, carbon materials doped with heteroatoms such as N, P, B, S, O show promising results [15,25–29].
Specifically, nitrogen-doped carbon considered a potential
substitute for platinum [30,31]. The electronegativity difference between N and C creates a positive charge on the adjacent carbon. This polarized carbon promotes the oxygen
adsorption on the surface and improves the O–O cleavage and
thus shows efficient ORR activity [32]. Similarly, nitrogendoped graphene showed significant ORR activity, which is
comparable to Pt [33]. The potential activity of the N-graphene depends on its synthesis condition and experimental
approaches.
The present work is the extension of our previous work
[34], where we have shown the synthesis of nitrogen-doped
graphene-like carbon (N-GLC) by heating sugarcane waste
and melamine in the ratio 1:15. Melamine was used as an N
source as well as an exfoliating agent. In that work, we had
shown that N-GLC could be used as a sulphur host for the
Li-S batteries. In the present study, we show the impressive
ORR activity of N-GLC having 0.92 V vs. a reversible
hydrogen electrode (RHE) onset potential. The half-wave
potential (E1/2) is 0.83 V, which is almost the same as that
of Pt-C (40 wt%) catalyst and the diffusion limiting current
of 4 mA cm-2. The rotating ring-disk electrode (RRDE)
experiment showed that N-GLC is four-electron pathway
(n = 3.65) catalyst with moderate peroxide (HO
2 ) yield.

2.
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electrode and a modified glassy carbon (GC) electrode as a
working electrode with a geometric area of 0.071 cm2. To
prepare the modified GC, a 3.6 mg of sample is ultrasonically dispersed in 490 ll of the water–ethanol mixture with
10 ll of 5 wt% Nafion ionomer and a 7.5 ll of resultant ink
was drop-casted on polished GC electrode. The catalyst
loading is maintained to *750 lg cm–2 for all the samples,
excluding Pt-C (40 lg cm–2).
ORR activity of the as-prepared catalysts in comparison
with Pt-C (40 wt%) was evaluated in O2 saturated 0.1 M KOH
electrolyte at 25°C. Cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) are carried within the voltage range
of 0.2 to -1.0 vs. SCE with the scan rate of 5 and 50 mV s–1,
respectively. The measured potential was converted to RHE
using the equation; E(RHE) = Emeasured ? ESCE ? 0.059 9
pH. Based on the LSV results, the number of electrons
transferred (n) per O2 molecule during ORR reactions was
calculated using Koutecky–Levich (K–L) equations:
1
1
1
1
1
¼ þ ¼
þ
J J L J k Bx1=2 J k

ð4Þ

J k ¼ nFkC 0

ð5Þ
2=3

B ¼ 0:62nFC0 D0 t1=6

where J is the measured current density, Jk and JL is the
kinetic and diffusion-limiting current density, x the angular
velocity, n the number of electrons transferred, F the
Faraday constant (F = 96.485 C mol–1). C0 is the bulk
solubility (1.2 9 10–6 mol cm–3) and D0 (1.9 9
10–5 cm2 s–1) diffusion coefficient of O2, t the kinematic
viscosity of the 0.1 M KOH (0.01 cm2 s–1), and k is the
electron transfer rate constant.
Peroxide evolution (HO
2 ) and the number of electrons
transferred during ORR was precisely quantified through
RRDE analysis at 1600 rpm with the scan rate of 5 mV s–1
in 0.1 M KOH. The platinum ring was used as RRDE
electrode having 0.196 cm2 geometric area. During ORR
process, evolved peroxide will be reduced at the platinum
ring (collection efficiency is 25.5%) at 0.5 V vs. SCE. The
percentage of peroxide and number of electron transferred
was calculated using the following equations:

Experimental
HO
2 ¼ 200 

2.1

Synthesis

N-GLC was synthesized by heating sugarcane waste and
melamine in the ratio 1:15 as described in our previous
work [34].

2.2

ð6Þ

n¼4

Id
I d þ NI r

Ir
N

I d þ NI r

ð7Þ
ð8Þ

where N is the collection efficiency of the ring (25.5%); Ir
and Id are the ring and disk current.

Electrochemical characterization

Electrochemical experiments were carried out using Autolab electrochemical work station (PGSTAT 30, Metrohm),
the three-electrode system comprising saturated calomel
electrode (SCE) as reference electrode, Pt wire as a counter

2.3 Membrane electrode assembly fabrication and fuel
cell testing
To constitute the anode, the commercially available 40 wt%
Pt/C and 10 wt% Fumion FAA-3 ionomer are ultrasonically
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dispersed in ethanol and brush coated on the SIGRACETÒ
gas diffusion layer (GDL) (DC-35, SGL) until the required
catalyst loading of 0.5 mg cm–2. Similarly, the cathode
electrode was obtained with the N-GLC catalysts developed
in this study with the catalyst loading of 1.5 mg cm–2. The
electrodes were pre-treated in 1 M aqueous KOH to
exchange the Br- ions present in the ionomer to OH-. A
commercial membrane with 50 lm thickness (Fumapem
membrane from FumaTech) was used as anion exchange
membrane (AEM). The membrane was pre-treated in 2 M
KOH at room temperature overnight to exchange the Cl–
present in the membrane with OH-. The AEM is sandwiched between the anode and cathode electrodes and
mechanically pressed under a pressure of 20 kg cm–2 at
35°C for 2 min to obtain the membrane electrode assembly
(MEA). The MEA was assembled in a single-cell fuel cell
fixture (Fuel Cell Technologies Inc. USA) with an active
area of 4 cm2. The anion exchange membrane fuel cell
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(AEMFC) performance was evaluated at room temperature
through the galvanostatic polarization method using an
LCN 100-36 load box by supplying the oxygen and
hydrogen on the cathode and anode, respectively, with a
flow rate of 150 ml min–1 and 100 ml min–1, at room
temperature.

3.

Results and discussion

3.1

Structural properties

Figure 1a and b shows scanning electron microscope (SEM)
images of bagasse-derived carbon (BC) and N-GLC. SEM
image (figure 2b) suggests the formation of exfoliated carbon and the formation of graphene-like 2D sheets. The
transmission electron microscopy images of N-GLC
(figure 1c) further confirms the presence of graphene-like

Figure 1. SEM images of (a) BC and (b) N-GLC. TEM images of (c) N-GLC showing graphene-like morphology and the inset shows
corresponding selective-area electron diffraction pattern.

Figure 2.

N2 adsorption–desorption isotherms of (a) BC and (b) N-GLC.

135

Page 4 of 7

Bull. Mater. Sci. (2021)44:135

sheets, and the inset shows the selective area electron
diffraction pattern. The corresponding elemental mapping
and EDX of N-GLC is shown in supplementary figure S1.
The adsorption–desorption isotherms depict the surface
area of the BC and N-GLC, as shown in figure 2. In the case
of BC, the BET isotherm started with a steep rise in
nitrogen adsorption and becomes constant at higher pressure, which confirms Type-I isotherm. The other isotherms
N-GLC (figure 2b) have a hysteresis loop at higher P/P0,
Table 1.

which is comparable to type-IV isotherm. In these isotherms, the lower P/P0 is related to monolayer to multilayer
adsorption and the higher P/P0 is related to capillary condensation on mesopores. Thus, adsorption/desorption characteristics of the mesoporous materials can be understood
through the isotherms and hysteresis loop. The BET surface
area of BC and N-GLC is 277 and 530 m2 g–1, respectively,
and the pore diameter of N-GLC is 2.97 nm (supplementary
figure S2). Table 1 gives a comparison of synthesis, surface

Comparison of surface area of various bio-mass-derived carbons with N-GLC.

Bio-mass resource

Preparation temperature

Cotton
Silk
Lignin
Sucrose
Bamboo
N-GLC (Bagasse)

800°C,
700°C,
900°C,
650°C,
800°C,
850°C,

2h
2 h in N2
0.25 h in Ar
2 h in Ar and H2
2 h in Ar
3 h in Ar

SBET (m2 g–1)

Average diameter of pores (nm)

Ref.

584.5
499
803
770
487
530

2.6
48.6

[35]
[36]
[37]
[38]
[39]
Present work

18
2.97

Figure 3. (a) CV and (b) LSV (at 1600 rpm) of bagasse-derived carbon (BC) and N-GLC catalyst and Pt-C (40 wt%) in
O2 saturated 0.1 M KOH electrolyte; (c) LSV different rotation speed in O2 saturated 0.1 M KOH and (d) K–L plot at
various potentials of N-GLC catalyst.
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area and pore diameter of various bio-derived carbons in the
literature.

3.2

Electrochemical analysis

The ORR performance of BC and N-GLC catalysts was
assessed using the CV technique in both N2 and O2 saturated 0.1 M KOH electrolyte. The obtained data were
compared with that of Pt-C (40 wt%), as plotted in figure 3a. In N2 saturated electrolyte, N-GLC exhibits a quasirectangular capacitive behaviour with no characteristic
peak. On the other hand, a prominent ORR peak was
observed in O2 saturated electrolytes, which articulate the
ability of N-doped carbon to reduce the oxygen molecule.
Noticeably, N-GLC delivered a high peak current density of
2.80 mA cm–2 than pristine carbon. This is due to the high
surface area of the N-GLC catalyst with more active edges,
which interacts with a high amount of O2 molecules and
their subsequent reduction gives high ORR activity.
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The catalytic activity of N-GLC towards ORR is further
characterized by LSV on a rotating disk electrode (RDE)
and the corresponding results at 1600 rpm are presented in
figure 3b. The catalyst exhibits onset (Eonset) and half-wave
(E1/2) potentials of 0.92 and 0.83 V and is slightly negative
on Eonset (0.2 V) with almost the same E1/2 compared to PtC (40 wt%) catalyst. Besides, the N-GLC catalyst also
displayed superior diffusion-limiting current density (JL) of
4.0 mA cm–2, which is only 0.67 mA cm–2 lesser compared
to Pt-C. The slightly lower ORR activity of the N-GLC
catalyst can be understood, as it is a non-metal and single
dopant-based catalyst.
To understand the ORR kinetics of the N-GLC catalyst
through K–L plots, the RDE experiments were carried out at
different rotation speeds and the corresponding LSV curves
are shown in figure 3c. The JL is linearly increasing as the
rotation speed increases from 400 to 2800 rpm. The K–L
plots were derived from these results by plotting the inverse
of current density vs. inverse square-root of angular velocity
at various potentials, as depicted in figure 3d. The good

Figure 4. (a) Disk current obtained from RRDE at 1600 rpm in O2 saturated 0.1 M KOH electrolyte for N-GLC catalyst
and Pt-C (40 wt%). (b) Number of electrons transferred and percentage of peroxide yield during ORR for N-GLC and PtC (40 wt%) catalyst. (c) LSV before and after 1000 potential cycles of N-GLC in 0.1 M KOH at 1600 rpm with a scan rate
of 5 mV s–1 and (d) the photograph of MEA fabricated using the N-GLC as cathode electrocatalyst.
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Table 2. An example of cost contribution from various factors
per kg of sugarcane waste-derived carbon production based on the
estimates.
Material

Figure 5. AEMFC performance of the optimized catalysts
N-GLC at room temperature under ambient pressure.

linearity of K–L plots implies the first-order ORR kinetics
on N-GLC catalyst similar to that of Pt-C catalyst. From the
slope of the K–L plot and using the K–L equation, the
number of electrons transferred per oxygen molecule during
ORR is calculated to be *4 (inset to figure 3d), indicating
that ORR on N-GLC is a four-electron process.
RRDE analysis was employed to more precisely determine the number of electrons transferred and to quantify the
peroxide evaluation during ORR on the N-GLC catalyst and
compared with the Pt-C (40 wt%). Figure 4a shows the ring
current obtained for N-GLC and Pt-C catalyst at 1600 rpm.
From the ring and disk current, the percentage of peroxide
generation and the electron transfer number (n) is calculated
using equations (7 and 8), and the corresponding results are
shown in figure 4b. The average percentage of peroxide
yield is calculated to be 17.1 and 3.7% for N-GLC and
state-of-the-art Pt-C catalyst, respectively. Whereas, the
average n for N-GLC in the potential range of 0.8 and 0.2
vs. RHE is 3.65, which is almost close to Pt-C (n = 3.92).
This suggests that the oxygen molecule predominantly gets
reduced to OH- by acquiring four-electron instead of the
two-electron pathway, which leads to OOH- formation, and
this result corroborates the K–L analysis. The stability of
the N-GLC electrocatalyst is assessed by cycling the cell
potential between 0.2 and -1.0 V vs. SCE up to 1000 cycles
at a scan rate of 50 mV s–1 in 0.1 M aqueous KOH under
constant oxygen purging. As exhibited in figure 4c, no
change is observed in onset potential after 1000 potential
cycles, which evident the stability of the N-GLC electrocatalyst. The notable loss in the limiting region is mainly
attributed to the thinning of catalyst layer during the
potential cycling.
Further, the realistic application of the optimized electrocatalyst as a potential candidate for ORR is evaluated in
alkaline AEMFC. The membrane electrode assembly
(MEA) is fabricated using cathode and anode electrodes
prepared from N-GLC catalyst and Pt-C (40 wt%),
respectively. The photograph of fabricated MEA is shown

Sugarcane waste
Melamine cost
Ammonium
hydrogen
difluoride
Labor
Energy
Water
Ar gas
Total cost ($)

Cost in USD per kg
of material

Cost in USD per kg
of N-GLC

0.1
0.7
1.3

1
10.5
13

0.1 (kWh)-1
0.02 l-1
0.1 l-1

0.644
2
2
0.1
29.244

in figure 4d. The fuel performance was evaluated at room
temperature under ambient pressure and the resultant
polarization and power density curves are shown in figure 5.
The peak power density of about 6 mW cm-2 at the load
current density of *20 mA cm-2 was achieved for the
N-GLC catalyst. The power density is certainly much lower
than that of the MEA fabricated with the Pt-C cathode
(*38 mW cm–2) [40]. Nonetheless, considering the costeffective synthesis and absence of precious metals, the
N-GLC catalyst presented in this study can be viewed as a
potential candidate for ORR for fuel cell applications.
Further, we studied cost analysis per 1 kg of N-GLC production, which is $ 29.244, calculations are given in table 2.

4.

Conclusions

A novel alternative metal-free ORR catalyst (N-GLC)
having graphene-like morphology is developed by treating
bagasse-derived carbon with melamine. N-GLC is mesoporous and exhibits surface area 530 m2 g–1. N-GLC catalyst showed excellent ORR activity in alkaline medium
with an onset potential of 0.92 V vs. RHE, half-wave
(E1/2) potentials of 0.83 V with almost the same E1/2
compared to Pt-C (40 wt%) catalyst. The diffusion-limiting current of 4 mA cm–2 is only 0.67 mA cm–2 lesser
compared to Pt-C (40 wt%). The ORR revealed the facile
reduction of O2 molecules on N-C via 4e– reduction
pathway. With the help of RRDE, the average percentage
of peroxide yield is calculated, which is 3.7 and 17.1% for
Pt-C and N-GLC, respectively. In addition, the average
number of electrons calculated for N-GLC is 3.65, which
is close to Pt (3.92). In AEMFC single cell, the N-GLC
catalyst shows a peak power density of about 6 mW cm–2
at the load current density of *20 mA cm–2. These studies
have demonstrated the potential application of the biowaste-derived, low-cost N-GLC as a cathode catalyst for
the alkaline fuel cell.
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