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Anitrogen-doped graphene (N-GN) based electrocatalysts have been synthesized by a two-step solution-
based scalable procedure of direct annealing of grapheneoxide (GO)/melamine gel mixture. The specific
surface area (SSA) of GO has been increased through the pre-gelation of melamine on GO sheets as spacing.
Despite the low nitrogen content, the N-GNs displayed much more oxygen reduction reaction (ORR)
activities with positive onset potentials and large current densities than the blank sample. Moreover,
compared with the high quality commercial (46%) Pt/C, N-GN15 exhibits higher current density and
excellent tolerance to methanol crossover effect in both acidic and alkaline electrolytes making it an
economic noble metal-free candidate for practical fuel cells. The higher current densities of N-GNs over
blank sample and Pt/C have been linked to the synergetic effect of surface graphitic N groups and larger

Keywords:

Nitrogen doped graphene
Electrocatalyst

Oxygen reduction reaction (ORR)

Methanol-tolerant SSA of N-GNs.

Fuel cell

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Displacement of precious metal electrocatalysts with commer-
cially available and inexpensive materials which facilitates the
sluggish cathodic oxygen reduction reaction (ORR) is a key issue
in the development of fuel cells and air batteries. The traditional
Pt-based catalyst exhibits high catalytic activity and is being con-
tinuously optimized in many ways, including tailoring the size-,
shape- and alloy-effect [1-3]. However, the scarcity and high cost
of Pt limit the large-scale production and commercialization of Pt-
loaded fuel cells. According to the cost analysis, Pt-based catalysts
account for almost 34% of fuel cell stack cost [4]. In addition, the
Pt-based catalyst also suffers from crossover and poisoning effects,
which limits the efficiency of fuel cells [5]. The search for alterna-
tive ORR catalysts has led to the development of many non-precious
metal catalysts, such as transition metal-microcycles 6] nanostruc-
tured manganese oxides [7] and metal-free nitrogen doped carbon
materials [8,9]. It was reported that the nitrogen doped carbon
materials not only have high activity toward ORR, but also long-
term durability and tolerance to methanol and CO poisoning [10].
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Graphene is a flexible and expandable two-dimensional (2D)
monolayer carbon material consisting of sp2 carbon atoms [11,12].
Graphene itself is an excellent alternative as electrode material
and great efforts have been made to utilize graphene based nano-
materials as promising electrode materials for ORR due to the
unique chemistry of the edges of a graphene sheet, the mechan-
ical strength, high thermal and chemical stability, high electrical
conductivity, large surface area and abounding functional groups
involved [12-16]. Since the chemically stable sp2-hybridized car-
bon network in graphene hinders its application in chemistry,
particularly in catalysis, various strategies have been employed
to tailor the electronic properties and open up the band gap of
graphene via physical and chemical means. Both theoretical cal-
culations and experiments have proved that chemical doping with
heteroatoms like N or B can modify the properties of carbon mate-
rials [17,18].

Several methods have been carried out for doping graphene
sheets by N atoms. Generally, these methods can be categorized
into two groups: in situ direct-doping and post-doping. In situ
direct-doping route usually employs appropriate N/C containing
molecules as precursors to rearrange nitrogen and carbon atoms
over metal catalysts at high temperature [19]. Post-doping route
involves the preparation of carbons and subsequent post treatment
in nitrogen-containing atmospheres, such as NH3, N-ion plasma
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Fig. 1. Schematic representation of synthesis procedure for the N-GN catalysts.

[20]. The synthesis methods and ORR performances of N-doped
graphene (N-GN) nanomaterials has recently been reviewed [21].

In addition to N doping, accurate control of the fine mor-
phologies of the final products also plays a significant role in
enhancing ORR activities of N-GN. Due to the nature of the 2D
material, graphene nanosheets tend to stack together through w1
interaction during the application [21,22]. The stacking blocks a
substantial amount of catalytic sites on graphene and unavoidably
decreases the catalytic activity. In this regard, great contributions
have been made to design high performance N-GN nanomateri-
als aiming to enlarge the specific surface area (SSA) and further
improve their electrochemical activities. N-GN-based compos-
ite sheets were prepared by carbonizing a mixture of GO and
phenol-melamine-formaldehyde pre-polymer in the presence of
a soft template. The resultant composite exhibited high electro-
catalytic activity, good durability and high selectivity for the ORR
[23]. Qu and colleagues synthesized an N-GN framework through
thermal treatment of grapheneoxide and pyrrole and subsequent
freeze-drying and annealing. Owing to the synergetic function of
the 3D open-pore structure and high N content, this 3D N-GN
showed high electrocatalytic activity for ORR [24].

This study reports a low cost and scalable procedure for the
synthesis of N-GN having high electrocatalytic activity for ORR by
direct pyrolysis of GO/melamine gel. GO/melamine gel was pre-
pared through a solution-based method. With the pyrolysis of dried
GO/melamine gel in Ar atmosphere at 1050 °C, N atoms were doped
into the suitable positions of the GO sheets, resulting in the forma-
tion of N-GN. Efficiently avoided reaggregation with the melamine
as spacing, obtained N-GN showed increased SSA. In spite of the
poor N content, N-GN samples exhibited much enhanced ORR elec-
trocatalytic activity and strong methanol tolerant capability in both
acidic and alkali media.

2. Experimental
2.1. Materials

Graphene oxide was from XG Sciences coded as xGnP-M-5.
Melamine, HCl, KOH and Co(NOs3),-6H,0 were purchased from
Sigma-Aldrich while 70% double distilled HCIO4 from GFS Chem-
icals. A 46% Pt/C catalyst from Tanaka was used for comparison.
All chemicals were used as received without any further purifica-
tion. High purity water used in all experiments was from 18.2 MQ2
Milli-Q UV (Millipore) water system.

2.2. Catalyst preparation

Synthesis procedure for the N-GN catalysts has been depicted
in Fig. 1. Briefly, certain amount of GO and melamine (w/w) were
mixed in 30 mL deionized water and sonicated for 30 min. Then,
pH of the dispersion was adjusted to pH 12 using 2 M NaOH solu-
tions. The resultant mixture was heated to 85°C, then catalytic
amount of Co(NO3),-6H,0 (molar ratio of melamine to Co*2 was

40:1) was added into the dispersion and maintained at this temper-
ature for 30 min with continuous stirring until a viscous gel mixture
was obtained. The mixture was cooled down to 40°C and the pH
value was adjusted to 2 using 6 M HCI. After this step, the viscous
gel mixture turned into a solid. The resulting solid was cured at
85°C for 72 h in a vacuum oven and bright solid was obtained (Fig.
S1). Bright solid was grinded, washed with deionized water until
neutral pH to remove the residual ions including Co*2. Finally, the
dried powder was annealed at 1050 °C for 1 h under a high purity
Ar atmosphere with a gas flow rate of 30 mLmin~! and heating
rate of 10°C min~!. The prepared catalysts were labeled as N-GN15,
N-GN10 and N-GN5. Digits represent GO weight percent in dry GO-
melamine mixture. A blank sample was also prepared following the
same route, but without adding melamine, and labeled as rGO.

2.3. Characterization of catalyst

The scanning electron microscopy (SEM) was performed on a
Hitachi S-4900 FSEM field-emitting scanning electron microscope
with an accelerating voltage of 5KkV. The nitrogen adsorption and
desorption isotherms were measured at the temperature of lig-
uid nitrogen (77 K) using a QUADRASORB SI automated surface
area analyzer (Quantachrome Corporation, USA). Specific surface
area was calculated from the adsorption branch according to
the Brunauer-Emmett-Teller (BET) method. Powder XRD patterns
were recorded by using an X ray diffractometer (Rigaku model
Ultima-IV) using CuKa radiation (\ = 1.54056 A) operating at 40 kV
and 40 mA. XRD patterns were collected in 26 =10°-65°. Raman
spectra of powder samples were obtained with a Renishaw in
via Raman microscope and excitation was achieved by using an
argon ion laser (514 nm). X-ray photoelectronspectroscopy (XPS)
was performed to analyze the surface elemental compositions of
materials by using Thermo Scientific K-Alpha (See SM for details).

2.4. Electrode preparation and electrochemical measurements

All the electrochemical measurements were performed at
room temperature using rotating disk electrode (RDE) equip-
ment purchased from Pine Instruments connected to an Autolab
(Ecochemie Inc. model-PGSTAT 30) bipotentiostat with a typical
three-electrode electrochemical set up. For electrochemical mea-
surements, the solutions were saturated with either high purity O,
or Ar. During the experiments the gas flow was maintained over the
solution. An Ag/AgCl (0.1 M KCI, 0.28V vs. RHE) served as a refer-
ence electrode and all the potentials are referred to this electrode,
and converted to RHE using the Nerst equation. Pt gauze was used
as a counter electrode. The catalyst coated glassy carbon (GC) disk
(5.6 mm diameter, 0.246 cm?2 ) was fabricated by casting catalystink
and served as working electrode. Catalyst inks were prepared by
ultrasonically dispersing the catalyst powder (3.1 mg)ina 0.936 mL
solution of nafion (5 wt%, DuPont): DI water: isopropanol by vol-
ume ratio of 1:25:75. Typically, 15 L (3.3 mgmL~1) well dispersed
catalyst ink were coated on the GC disk surface using a microsy-
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Table 1
Concentrations of different nitrogen species on the surface of N-GN catalysts.

Sample Pyridinic N% (atom%) Pyrrolic N% (atom%) Graphitic N% (atom?%) Pyridine-N oxide (atom%)
N-GN15 39 26 22 13
N-GN10 37 25 16 22
N-GN5 45 25 12 18
Table 2

Surface atomic concentrations of GO, rGO and N-GN catalysts.

Sample Carbon% (atom%) Oxygen% (atom%) Nitrogen% (atom?%)
GO 78.0 16.9 -

rGO 93.8 1.74 -

N-GN15 87.6 5.52 2.48

N-GN10 88.3 6.34 1.75

N-GN5 88.9 5.93 0.96

ringe and allowed to dry at room temperature. Catalyst loadings
were kept constant to avoid any variations related to catalyst load-
ing onto GC. Loadings employed were 102 g cm~2 N-GN catalysts
or 25 g cm—2 Pt/C catalyst of geometric area on a GC disk.

3. Results and discussions
3.1. Physicochemical characterization

In the synthesis procedure of N-GN catalysts (Fig. 1), at first
GO/melamine mixture was sonicated to exfoliate the GO sheets and
to adsorb the melamine molecules onto GO sheets through w-
dispersion forces and hydrogen bonding between melamine and
graphitic structure of GO [25]. After adjusting the pH value to 12,
the temperature was increased to 85 °C for gelation of the mixture.
At this temperature, Co™? was added to catalyst the gelation. This
process can facilitate possible covalent bonding between amino
groups of melamine and carbonyl groups on GO sheets and also
prevent the reagregation of GO sheets. After adjusting the pH value
to 2, bright-black solid was obtained. Finally, grinded, washed and
dried mixture was annealed under Ar atmosphere at 1050 °C for 1 h.
Thermogravimetric analysis results of GO and GO-melamine mix-
tures containing different amounts of GO, which were performed in
Ar flow, are shown in Fig. S2. It is seen that GO is stable almost below
700°C. Slight weight loss was observed above 700 °C, which could
be due to the decomposition of oxygen functional groups exists
on GO sheets. Weight losses observed below 200 °C arise from the
evaporation of the adsorbed water. All GO/melamine mixtures dis-
played almost similar thermogravimetric behaviors. Major weight
looses for mixtures observed between 200 and 600 °C are assigned
to the decomposition of melamine to NH3 and alkylamine derivates.
It must be noted that, the yield of the process depends on the initial
GO ratio and increases with the initial percentage of GO in the mix-
ture (Fig. S1). For example, ~1.5 g N-GN catalyst was obtained from
the pyrolysis of 10 g 15% GO and 85% melamine mixture (N-GN15).
We believe that this process could be scaled up for larger synthetic
yields.

The surface morphology of control sample (rGO) and N- GN15
catalyst analyzed by SEM. The SEM images of the N-GN15 and rGO
are shown in Fig. 2. The rGO contains flakes and three-dimensional
(3D) particles that have size of tens of nanometers assembled
by several pieces of graphene sheets. After the nitrogen dop-
ing process, typical crumpled silk veil wave-like morphology and
mesoporous architecture of graphene structure was observed. This
reveals a high exfoliation degree and prevents the restacking of
sheets in evidence (Fig. 2b). The porous features of the GO, rGO and
N-GN15 were investigated by isothermal N, adsorption/desorption
measurements (Fig. 3a). The type-IV behavior shows the meso-
porous structure was observed in the N, adsorption/desorption

isotherm curves. The steep increase in nitrogen adsorption for
N-GN15 and rGO at a relatively high pressure (P/P°=0.85-0.99)
clearly suggests that the pore volume is mainly contributed by
size-enlarged mesopores [26]. Such porous structure arose from
the wrinkles and folds of the graphene nanosheet, and the pre-
vented stacking between the neighboring graphene sheets, which
was confirmed by the well-dispersed state of the N-GN15 in SEM
(Fig. 2b). BET specific surface area (Sggr) of N-GN15 catalyst was
measured as 585m2g-!, which was much higher than those of
the rGO (491 m?g-1) and GO (186 m2 g~!). The gaseous thermal
decomposition products of melamine, adsorbed between graphene
plates, promote the exfoliation of graphene plates resulting an
increase in Sggr values from rGO to N-GN15. It is to be noted that,
pore structure containing macropores and mesopores in the car-
bon framework is very important from the perspective of fuel cells
because it can facilitate the diffusion and transport of reactants, and
provide more active sites for the ORR.

Structural information regarding the catalysts was obtained by
using XRD. Fig. 3b shows the XRD patterns of the GO, rGO and N-
GN15 catalysts. The characteristic (0020) diffraction peak located
at approximately 26.5 for all samples [powder diffraction file
(PDF) number 97-002-9123] indicates a layer-to-layer d-spacing of
0.34 nm and was attributed to diffraction of graphitic structure. The
calculated full width at half maximum (fwhm) values at 26 =26.5
were 0.83, 0.94 and 1.21 for GO, rGO and N-GN15, respectively.
The increasing trend of fwhm as GO <rGO <N-GN15 indicates the
broadening of the peak and suggest the expanded graphene lay-
ers [19]. Significantly, the broad peak at 43.7, which corresponds
to (101) diffraction of low graphitic degree, was disappeared in the
N-GN15. This implies the N doping of GO and rearrangement of the
graphitic structure through this process [19]. Raman spectroscopy
isthe direct and nondestructive technique to characterize the struc-
ture and the quality of carbon materials particularly to determine
the defects, the ordered and disordered structures, and the layers
of graphene. Raman spectra of samples were collected at an exci-
tation wavelength of 514 nm under ambient conditions from the
powders on Si substrates. For comparison, the spectra of GO and
rGO were also collected. The Raman spectra of N-GN15 exhibits two
remarkable peaks at around 1345 and 1575cm~! (Fig. 3¢) corre-
sponding to the well-defined D band and G band, respectively. As it
is known, the G band related to the Ex4 vibration mode of sp? carbon
domains can be used to explain the degree of graphitization, while
the D band is associated with sp3 and sp carbon networks where
is mostly at edges of the hexagonal lattice of graphene. In addi-
tion, D’ appears as a shoulder around 1610cm~! on the G band of
GO, which is also a characteristic of weak disorder on the graphitic
structure [27]. It is reported that the more disordered phase in the
pristine carbon, the easier for N-doping effect, because the disor-
dered phase is more reactive than the graphitic phase during the
heat treatment and help fix nitrogen atoms in the carbon structure
[28]. Hence, GO is favorable for N-doping. Also, D’ has disappeared
with N doping (Fig. 3c.) suggesting the restored graphene structure.
The intensity ratio (Ip/Ig) of the D to G bands is widely used for
characterizing the defect quantity and N doping level in graphitic
materials. The Ip/Ig value of GO (0.70) decreases to 0.47 for rGO
and 0.58 for N-GN15. This indicates that partial sp?2 domains were
restored at different levels, and the graphitic degree of NG sam-
ples was also improved accordingly due to the reduction effect and
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Fig. 2. SEM images of rGO (blank sample) (a) and N-GN15 catalyst (b).
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Fig. 3. Nitrogen adsorption/desorption isotherms (a), XRD patterns (b) and Raman spectra (c) of GO, rGO and N-GN15 catalyst.

“self-repairing” of the graphene layer at high temperature, which
is also consistent with the XRD and SEM results. The 2D peak is the
most prominent feature of graphene in the Raman spectrum, and
its position and shape can be used to clearly distinguish between
single-layer, bi-layer, and few-layer graphene [29]. For the N-GN15,
the 2D peak appears at around 2665 cm~! and the intensity of 2D
was decreased with respect to the GO. Comparing with the spec-
trum of single-layer graphene [30], the present N-GN15 exhibits a
broader and up-shifted peak in the Raman spectra, demonstrating
that the N doping process results in few-layer N doped graphene
nanosheets as observed in SEM images.

XPS characterizations were further performed to analyze the
surface elemental composition and nitrogen bonding configura-
tions of samples. The wide scan spectra of GO, rGO, N-GN15 are
shown in Fig. 4a and collectively with N-GN10 and N-GN5 in Fig. S3.
As can be seen, the wide scan XPS spectra of GO and rGO show only
the presence of carbon and oxygen atoms. The high resolution C1s
peak was centered at 285.1eV, Ols at 533.3eV and N1s at 399.7 eV
for all samples. The asymmetric nature of high-resolution C1s spec-
tra of N-GN15 (Fig. 4b) visually shows the incorporation of N atoms

onto graphene surface and indicates the different carbon configu-
rations by fitting with binding energies centered at: C=C(284.7 eV),
C—0/C=N (286.6 eV), C=0/C—N (288.0eV) and C—C (287.5eV). The
high-resolution N1s XPS spectrum for N-GN15 is shown in Fig. 4c.
Similarly, the high-resolution N1s XPS spectra for N-GNs can also
be well-fitted into four peaks: pyridinic N (398.6eV), pyrrolic N
(400.3 eV), graphitic N (401.4eV) and pyridine-N oxide (403.3 eV).
As shown in Fig. 4d, the graphitic nitrogen corresponds to N atoms
that are linked with three carbon atoms in graphene basal plane,
replacing the C atoms in graphene hexagonal ring [31]. Pyrrolic N
occurs in five-member ring and can contribute to the w-conjugated
system in the graphene layers with two m-electrons [19]. Pyridinic
N occurs in six-member ring and can donate one T-electron to the
aromatic 1 system [19]. Contents of surface nitrogen binding con-
figurations of N-GNs, calculated by peak fitting based on Shirly base
line, are collectively given in Table 1 and surface atomic concentra-
tions of samples are given in Table 2.

The calculated surface total N content of N-GN15 was 2.48
atom%, from which pyridinic N is the main component and con-
stitutes 39 atom?%, graphitic N 22 atom%, pyrrolic N 26 atom% and
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of N-GN15 catalyst. Schematic structure of N-GN (d).

pyridine-N-oxide 13 atom%. Although pyridinic N is the main com-
ponent in all N-GN catalysts, no correlation was observed between
the GO content of initial mixture and the amount of the type of
N groups exist in N-GNs except graphitic N, which decreases with
the GO content of initial mixture. From Table 2, that surface oxy-
gen concentration of GO substantially decreased from 16.9 atom%
to 1.74 atom% in rGO due to the removal of oxygen functional
groups during thermal treatment. However, surface oxygen con-
centrations of N-GNs are higher than that of the rGO when the
samples are prepared at the same conditions. This is probably the
result of the coverage of graphene plates with melamine gel, which
prevents the removal of oxygen functional groups and formation
of the N-O groups during pyrolysis of mixture. The higher percent-
age of melamine (e.i. lower GO content) led to formation of more
carbon residues on graphene plates [25] clarifying the decrease in
nitrogen content of N-GNs with decrease of GO percentage of initial
mixture (Table 2). This can present a route for tailoring the surface
nitrogen concentration of GO. Combining the XPS results with the
above Sger, Raman and XRD analysis, nitrogen doped graphene with
increased SSA can be successfully synthesized by the proposed pro-
cess. It is important to be noted that any metal impurities was not
detected in XPS survey and XRD pattern of N-GNs.

3.2. Cyclic voltammetry studies

Electrochemically accessible surface area has crucial impor-
tance of a given catalyst since graphene sheets tend to stack
together through m-m interaction during the application [21,22]
which blocks a substantial amount of catalytic sites on graphene
and inevitably decreases the catalytic activity. To confirm the
increase in electrochemically accessible surface area of N-GN15
over rGO, cyclic voltammetry (CV) studies were performed in 0.1 M
KOH and 0.1 M KClO4 solutions ata scanrate of 15mV.s~1. Solutions
are saturated with Ar to exclude the contribution of pseudocapac-
itance originated from the ORR. CVs, recorded after five activation

cycles, are shown in Fig. 5a,b. Rectangular shape of CVs especially
in acidic media reflects the ideal capacitative behavior of the sam-
ples. Reversible hump appeared in CV of N-GN15 in acidic media at
around 0.6V is originated from the oxidation/reduction of surface
functional groups [32], which is consistent with the XPS results.
The increased voltammetric responses over rGO to N-GN15 in both
acidic and alkaline media are attributable to the contribution of
the surface functional groups and increased SSA upon preventing
the reaggregation of graphene sheets by the applied procedure, as
reflected to the Sggr values of rGO and N-GN15. Specific capaci-
tances of rGO and N-GN15 were calculated as previously [32] to
quantify the voltammetric responses. These values are 116 Fg~! for
N-GN15and 95Fg~! forrGO in acidicand 105Fg~! for N-GN15 and
44F g~ for rGO in alkaline media. The decrease in specific capaci-
tance value for both rGO and N-GN15 from acidic to alkaline media
is ascribed to the weak interactions between OH~ ions and elec-
tron rich graphene layers, higher electronic charge density in the
acidic electrolyte, and favorability of proton adsorption in the acidic
electrolyte by the nitrogen functional groups [33].

3.3. Electrocatalytic activity and kinetics of N-GNs towards ORR

The electrocatalytic behavior of N-GN15 towards ORR was first
assessed using CV at a potential scan rate of 15mVs~! in 0.1M
HCIO4 and 0.1 M KOH solutions saturated with either Ar— or O, —.
Featureless voltammetric currents are observed in Ar-saturated
solutions at the potential range of studied, whereas the reduction
of oxygen occurs with appearing a sharp peak at 0.72 V in acidic and
at 0.86V in alkaline solutions when electrolyte is being saturated
with O, (Fig. 5a,b), implying the electrocatalytic activity of N-GN15
towards ORR. The reduction peak at 0.72V in acidic electrolyte is
more positive than those of the metal containing [34] and metal
free [35]| nitrogen doped graphene, and 0.86 V in alkaline solution is
much positive than those of the various nitrogen doped graphene-
based [18,21,35] electrocatalysts, highlighting low overpotential
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Fig. 5. Cyclic voltammograms of N-GN15 catalyst recorded in 0.1 M HClO4 (a) and 0.1 M KOH (b) electrolytes at a scan rate of 15mVs~'. Rotating disk electrode (RDE)
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1600 rpm. Ar backgrounds are shown for clarification. Koutecky-Levich (K-L) plots of N-GN15 obtained with the data in O,-saturated 0.1 M HClIO4 (e) and 0.1 M KOH (f)
electrolytes. Insets of (e) and (f) indicate the number of electron transferred per mole of oxygen at the specified potentials.

for ORR applications. Further studies with N-GN15, N-GN10 and
N-GN5 catalysts were carried out to gain further insight into the
reaction kinetics and number of the electron transferred for per
oxygen molecule on N-GNs using RDE voltammetry at different
rotation rates (from 400 to 1600 rpm), and linear sweep voltamme-
try (LSV) curves were recorded at a potential scan rate of 15 mVs~1.
The results obtained for N-GN15 in O,-saturated 0.1 M HCIO4 and
0.1 M KOH solutions are shown in Fig. 5c and Fig. 5d, respectively.
The results for N-GN10 and N-GN5 are demonstrated in Fig. S5a-d.
Background data obtained in Ar-saturated solutions are also shown
in these figures. It is obvious that the N-GNs showed well-defined
plateaux of diffusion limiting current densities below ~0.55V in
both acid and alkaline electrolytes at all rotational speeds, indi-
cating an efficient surface electrocatalytic reaction with a direct
four-electron transfer pathway [36]. Also, the diffusion limiting
current densities significantly rise following the increase of rota-

tion rates, as high rotation rates lead to a faster oxygen flux to
electrode surface and consequently large currents, owing to the
shorted diffusion length.

To investigate the ORR performances of N-GNs more quantita-
tively, the kinetic analysis was carried out by the Koutecky-Levich
(K-L) equation [34] (see SM for details). The K-L plots (j~vs.w~1/2)
obtained from the LSV diffusion limiting current densities in 0.1 M
HCIO4 and 0.1 M KOH electrolytes are shown in Fig. 5c and Fig. 5d,
respectively. The results for N-GN10 and N-GN5 are also shown in
Fig. S6a-d. The number of electrons transferred (n) calculated from
the slope of K-L plots at the typical potentials is also marked in
these figures. Note that, all current densities are corrected by sub-
tracting the Ar data. Correlation coefficients for all K-L plots were
greater than 0.99. To emphases the importance of doping effects on
ORR activity in the region of real fuel cell application, we chose the
potential of 0.50 V for 0.1 M HClO4 and 0.55 V for 0.1 M KOH to com-
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Fig. 6. Rotating disk electrode (RDE) voltammograms of rGO, N-GN5, N-GN10, N-GN15 and commercial Pt/C catalysts in O,-saturated 0.1 M HClO4 (a) and 0.1 M KOH (b)
electrolytes at a scan rate of 15mV s~! and a rotation rate of 1600 rpm. Inset is the zoom-in of the voltammetric profiles. Chronoamperometric responses of N-GN15 and Pt/C
in O,-saturated alkaline electrolyte at —0.50V and of N-GN15 in O,-saturated acidic electrolyte at —0.55V for ORR (c).

pare the electron transfer numbers with that of the commercial Pt/C
(Tanaka, 46%), which are very high potential compared to the gen-
eral viewpoint [37]. It can be seen that the all N-GN catalysts show
electron transfer number close to the highly desired four-electron
ORR pathway of maximum energy capacity within a wide poten-
tial range, indicating almost reduction of oxygen to H,O in acidic
and to OH~ in alkaline media [18] similar to the Pt/C catalyst. To
support the results from RDE data and K-L plots, rotating ring-disk
electrode (RRDE) studies were performed to detect the hydrogen
peroxide generation during ORR process (see SM for details). RRDE
polarization curves, obtained from the N-GN15 catalyst, are shown
in Fig. S7. The electron transfer numbers (n) calculated from RRDE
data at specified potentials are tabulated in Table S1 together with
those calculated from K-L plots for comparison. The closeness of n
values to those calculated from K-L plots further confirms the four-
electron process in both acidic and alkaline electrolytes. Although
the total nitrogen content of prepared catalysts decreases in the
order of N-GN15>N-GN10>N-GN5 (Table 2), it is found that the
total nitrogen content of our N-GNs did not affect the electron
transfer number for ORR in both acidic and alkaline electrolytes.
Notably, the electron transfer number for rGO (Data not given)
changed in the range of 1.7-2.1 electrons per mole of oxygen in both
acidic and alkaline electrolytes, which is consistent with the litera-
ture [18,19,27]. K-L plots of N-GN15 (Fig. 5e,f), N-GN10 (Figs.S6a,b)
and N-GN5 (Figs.S6c,d) at different potentials show fine linearity
and parallelism, indicating the first-order reaction kinetics for ORR
with respect to the concentration of dissolved oxygen [38] and con-
sistent with the electron transfer numbers at different potentials.
Fine parallelism of K-L plots of all N-GNs to commercial Pt/C also
confirms the four-electron pathway for ORR at specified potentials.

3.4. Evaluation of electrocatalytic activity of N-GNs towards ORR

LSV curves of samples are plotted at a fixed rotation rate of
1600rpm and a potential sweep rate of 15mVs~! to evaluate
the ORR performances and investigate the role of nitrogen doping
configurations on ORR performances of N-GNs in terms of onset
potential and diffusion limiting current densities which have great
importance in real applications of ORR in fuel cells and other elec-
trochemical devices. The LSV curves of all samples are shown in
Fig. 6a and Fig. 6b for O,-saturated acidic and alkaline electrolytes,
respectively. The blank sample (rGO) exhibits oxygen reduction
with an onset potential of ~0.42V in acid electrolyte and 0.87V
in alkaline electrolyte similar to that of the edge functionalized
few layer graphene [39]. It is also more positive than that of
various nitrogen-doped graphene [40,41], highlighting nanosized
graphene with a highly crystalline basal plane, and edge function-
alized groups with only a low amount of oxygen content, which is
consistent with the physicochemical characterization results. The
onset of rGO in alkaline electrolyte is very positive than the one
in acidic medium. This can be ascribed to the increase of the elec-
tronic charge density of a highly crystalline basal plane through
thermal reduction of GO which favors the adsorption of H* rather
than oxygen in acidic electrolytes [42] resulting in a lower onset for
ORR with respect to the alkaline electrolyte. Expectedly, incorpo-
ration of nitrogen atoms into graphene structure results in a shift
on the onset potential to more positive potentials in acidic elec-
trolyte exhibiting an onset potential of 0.84V, 0.86V and 0.87V
for N-GN5, N-GN10 and N-GN15, respectively (inset of Fig. 5a).
The shift in onset potentials from rGO to N-GNs upon nitrogen
doping in alkaline electrolyte was relatively small (~135mV) and
all N-GN catalysts showed almost equal onset potentials of 1.01V
in alkaline electrolyte (Fig. 5b). The onset potential of N-GN15 is
only 70mV negative than that of high quality (46% Pt content)
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Pt/C (0.87V vs. 0.94V) in acidic and 40 mV (1.01V vs. 1.05V) in
alkaline electrolyte showing a comparable electrochemical ORR
activity on the basis of onset potential. The huge enhancement of
onset especially in acidic electrolyte supports the previous find-
ings based on quantum mechanics calculations indicating the high
eletronegativity of nitrogen in the graphene framework, which
can induce positive charge density on an adjacent C atom and
facilitate oxygen adsorption, subsequently weaken the bonding
in the oxygen molecule [43]. There is no doubt that the incor-
poration of nitrogen into graphene structure increases the ORR
performance of graphene. However, there is still a controversy
on the role of nitrogen types on ORR. The investigation of oxy-
gen molecule dissociation energy barrier has shown that it can
be reduced by all types of nitrogen and the graphitic N reduces
the energy barrier more efficiently than the pyridinic N, which
might be one of the reasons for improved electrocatalytic activ-
ity of N-doped carbon catalysts [44]. It is stated that the content
of graphitic N greatly increases the limiting current density and
pyridinic N is responsible for improving the onset potential and
converting the ORR mechanism from 2-electron pathway to 4-
electron process [45,46]. On the basis of our results pyridinic N
is the main component in all N-GN catalysts and graphitic N con-
tent decreases in the order of N-GN15>N-GN10 > N-GN5 (Table 1)
which is the same order of diffusion limiting current densities,
those are 7.98 mA.cm~2>6.19mAcm—2>5.74mAcm2 for acidic
electrolyte and 5.93mAcm2>5.67mAcm2>4.78 mAcm2 for
alkaline electrolyte. It is obvious that the graphitic N content is
responsible from the current densities of nitrogen doped graphene
catalysts for ORR, which is consistent with the literature [44,45].
Interestingly, the diffusion limiting-current densities of all N-GNs
are higher than that the Pt/C (4.06 mAcm~2 in acidic electrolyte
and 5.36mAcm~2 in alkaline electrolyte) except the one for N-
GNS5 in alkaline electrolyte (Fig. 6a,b) and it is almost two orders
of magnitude higher than that of Pt/C for N-GN15 in acidic elec-
trolyte. Besides the N-doping effect, the increased magnitude in
diffusion limiting-current densities and close onset potentials to
Pt/C of N-GN catalysts are most likely the result of increased elec-
trochemically accessible surface area by preventing reaggregation
and edge functionalization of GO sheets which stabilizes ORR inter-
mediates such as H, 05 in porous structure and promotes the direct
four-electron pathway for ORR [47,48].

On the other hand, it is important to take into account the
Co content of resultant N-GNs, since trace amounts of metal
species can improve performance of the catalyst. Any metal impu-
rities were not detected in XPS survey and XRD pattern of our
N-GNs (Section 3.1). Inductively coupled plasma mass spectrome-
try (ICP-MS) measurements were further performed to determine
the Co content of N-GN15 (see SM for details). For N-GN15, only
0.068 +0.021% (w/w) Co was detected. Recently, Sha et al. found
that the electrocatalytic ORR performances of nitrogen doped car-
bons increase with Co content and 1,0% (w/w) of Co content was
found as an optimum value for Co-Nx-C type ORR catalysts [34].
Thus, Co-N active sites, could have contributed to the electrocat-
alytic performance of N-GN15 to a limited extent.

3.5. Methanol tolerance of N-GN15 catalyst

In fuel cells, the selectivity of catalyst towards ORR is of great
significance since fuel molecules such as methanol in the anode
may permeate through the polymer membrane to the cathode,
which could seriously affect the performance of the cathode cat-
alysts. Thus, the N-GN15 catalyst is further subjected to testing the
methanol tolerance ability in O,-saturated 0.1 M KOH and HClO4
electrolytes at potentials of 0.50V and 0.55V, respectively, toward
ORR via a current—time (i—t) chronoamperometric method. As
shown in Fig. 6¢, the original cathodic current of N-GN15 remained

almost unchanged even after the addition of 3M methanol into
the electrolyte solutions. In contrast, the corresponding anodic cur-
rent on commercial Pt/C electrode in alkaline electrolyte increases
sharply upon addition of methanol. This result unambiguously sug-
gests that the N-GN15 electrocatalyst exhibits good selectivity for
ORR thus being superior to the commercial Pt/C electrocatalyst in
both acidic and alkaline electrolytes.

4. Conclusions

Nitrogen doped graphene based electrocatalyst have been suc-
cessfully synthesized through a solution-based two-step scalable
procedure by thermal treatment of GO/melamine gel composite.
The SSA thus electrochemically accessible surface area of N-GN15
catalyst has been appreciably increased by using melamine as
spacer. The N-GN15 catalyst exhibited comparable onset potential,
larger diffusion-limiting current density and excellent methanol
tolerance capability over the commercial Pt/C catalyst towards ORR
in both acidic and alkaline electrolytes. It is found that the graphitic
N content is responsible for the increasing limiting current density
of N-GN catalysts.
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