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ABSTRACT: The large-scale synthesis of nitrogen doped
graphene (N-graphene) with high oxygen reduction reaction
(ORR) performance has received a lot of attention recently. In
this work, we have developed a facile and economical
procedure for mass production of edge-nitrogen-rich graphene
nanoplatelets (ENR-GNPs) by a combined process of ball
milling of graphite powder (GP) in the presence of melamine
and subsequent heat treatment. It is found that the ball milling
process can not only crack and exfoliate pristine GP into edge-expanded nanoplatelets but also mechanically activate GP to
generate appropriate locations for N-doping. Analysis results indicate that the doped N atoms mainly locate on the edge of the
graphitic matrix, which contains ca. 3.1 at.% nitrogen content and can be well-dispersed in aqueous to form multilayer
nanoplatelets. The as-prepared ENR-GNPs electrocatalyst exhibits highly electrocatalytic activity for ORR due to the synergetic
effects of edge-N-doping and nanosized platelets. Besides, the stability and methanol tolerance of ENR-GNPs are superior to that
of the commercial Pt/C catalyst, which makes the nanoplatelets a promising candidate for fuel cell cathode catalysts. The present
approach opens up the possibility for simple and mass production of N-graphene based electrocatalysts in practice.
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■ INTRODUCTION

Electrocatalysts for the oxygen reduction reaction (ORR) are
key components of fuel cells, which significantly determine the
cell performance and cost.1,2 Platinum-based materials have
been adopted as the most efficient catalysts for ORR and are
still commonly used in commercial fuel cells owing to their
relatively low overpotential and high current density.3,4

However, the issues of prohibitive cost, scarce sources,
methanol deactivation and weak durability extensively restrict
their large-scale production and hamper the commercialization
of fuel cells.5−9 Accordingly, in the past decades, much
attention has been devoted to explore non-noble catalysts to
replace platinum-based catalysts. Currently, nitrogen-doped
carbon materials are generally accepted as a potential substitute
for platinum-based catalysts due to their high ORR activities,
relatively low cost and excellent tolerance toward metha-
nol.10−17 Among these materials, nitrogen doped graphene (N-
graphene), due to its efficient electrocatalytic activities, has
attracted growing interest in the past few years.18−22 Thus,
extensive efforts have been made to synthesis of N-graphene for
high efficient catalysts. Chemical vapor deposition (CVD) is
the most common approach to prepare N-graphene films.23−25

However, the extremely low yield and high cost limits the
application of this method only to fundamental studies. The
physicochemical exfoliation and reduction methods have been
applied for bulk production of low cost N-graphene; however,
the processes require the involvement of hazardous strong
oxidizing and reduction reagents and a tedious multistep

process.26−28 Thus, the inherent costs and technical challenges
of these traditional approaches inhibit the mass production of
N-graphene and their application. On the other hand, the
catalytic activity of these N-graphene catalysts is strongly linked
to the location of the incorporated N in the graphene matrix,
and it is reported that the doped-N atoms near the edge of the
graphene sheets, in particular, act as the most desirable active
sites for improved electrocatalytic activity.29−31 Hence, it is
therefore advantageous to develop a simple and economic
strategy to prepare N-graphene on large-scale while containing
more edge-doped-N for producing advanced electrocatalyst.
Recently, the ball milling process has been used to prepare
scalable quantities of graphene nanoplatelets.32−34 In-Yup Jeon
et al. have shown that ball mill graphite with N2 can prepare
nitrogenated graphene as electrocatalyst for energy conver-
sion.32 It could be suggested that ball milling is a very
promising way for preparing functionalized graphene, however,
in ordered to achieve a practical application there is much more
to be done.
Herein, we describe a direct route toward edge-nitrogen-rich

graphene nanoplatelets (ENR-GNPs) by simply dry ball milling
graphite powder (GP) in the presence of melamine and
followed by subsequent thermal treatment; meanwhile, the
effects of ball milling and annealing on the ORR performance
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were also investigated. In this paper, ball milling is uniquely
employed here to serve the following functions: (1) it used to
crack and exfoliate parent GP into edge-expanded nano-
platelets, and (2) it can also mechanically activate these
nanoplatelets to form more disordered phase at the edge of the
graphitic matrix. The disordered phase helps incorporate
nitrogen atoms into graphitic support on annealing in NH3
atmosphere, which is important to form active sites for ORR.35

In addition, melamine is used not only to help crack and
exfoliate GP into edge-expanded nanoplatelets but also to act as
a nitrogen source for the subsequent N-doping effect. The
obtained ENR-GNPs with nitrogen content ca. 3.1 at.% can be
well-dispersed in aqueous to form multilayer nanoplatelets. Due
to the synergetic effects of edge-N-doping and nanosized
platelets, the ENR-GNPs electrocatalyst exhibits excellent
electrocatalytic activity, stability and methanol tolerance to
the commercial Pt/C electrocatalyst for ORR in alkaline
medium. The present approach opens up the possibility for
simple and mass production of N-graphene based electro-
catalysts with high ORR performance.

■ EXPERIMENTAL SECTION
General Procedure for the H-GP-M-BM. First, the GP-M-BM

were prepared simply by ball milling of the pristine GP in a planetary
ball mill machine (QM-3A, Nanda, China) in the presence of

melamine.36 To start with, 2 g of pristine GP, 6 g of melamine and 30
stainless steel balls (diameter = 5 mm) were put into a stainless steel
capsule and sealed under air atmosphere. The ball milling was carried
out at 500 rpm for 48 h. The resulted dark black powder (GP-M-BM)
was further heat treated at 900 °C under an argon atmosphere for 2 h,
which was referred to as “H-GP-M-BM”. For comparison, GP-BM
powder was prepared via ball milling in the absence of melamine and
then heat treated with melamine to obtain “H-GP-BM-M”.

Electrochemical Study. Electrochemical experiments were
performed using an AutoLab workstation (μ Autolab III) with a
typical three-electrode cell. A platinum wire and an Ag/AgCl electrode
(saturated KCl filled) were used as the counter electrode and reference
electrode, respectively. A glassy carbon (GC) electrode with a
diameter of 3 mm covered by a thin film of the catalyst was used as
the working electrode. Typically, 4 mg of ENR-GNPs was ultrasoni-
cally dispersed in a mixture of 0.8 mL of DI water, 0.2 mL of ethanol
and 100 μL of 5 wt % Nafion solution. Then 5 μL of the homogeneous
ink was drop-casted on the GC electrode surface (loading ∼0.283 mg
cm−2) to afford ENR-GNPs/GC electrodes, followed by drying at
room temperature. The other electrodes were prepared with the same
approach. All electrochemical measurements were performed at room
temperature either in 0.1 M KOH medium or 0.5 M H2SO4 medium,
which were saturated with nitrogen or oxygen.

■ RESULTS AND DISCUSSION
For the facile and mass production of ENR-GNPs, first, edge-
expanded GNPs were prepared via ball milling approach

Figure 1. Schematic illustration of cracking and exfoliating of pristine GP by ball milling with melamine and subsequent pyrolysis resulted in the
formation of edge-nitrogen-rich GNPs.

Figure 2. SEM images: (a) the pristine GP, (b) GP-BM and (c) GP-M-BM. TEM images: (d) GP-M-BM at low magnification, (e) GP-M-BM at
high magnification and (f) the selected-area electron diffraction (SAED) pattern.
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(Figure 1). This was achieved by ball milling (BM) of graphite
powder (GP) and melamine (M) together through planetary
ball milling machine, the resulted sample was denoted as GP-
M-BM, see the Experimental Section for details. Because of the
unique aminotriazines structure of melamine, it can strongly
adsorb on graphite through hydrogen-bonding, thus promoting
the crack and exfoliation of graphite.36,37 This can be
corroborated by the scanning electron microscopy (SEM)
images of the ball milled samples without any postpurification
or separation processes. As we can see, the pristine GP shows
microscale (50 mesh, <270 um) irregular particle grains with
smooth surfaces (Figure 2a). The ball milled pristine GP
without melamine (denote as GP-BM) also shows microscale
(∼20 um) overlapped flakes (Figure 2b). As proposed in Figure
1, after ball milling through interactions with melamine, more
homogeneous but much smaller grains (∼500 nm) formed
(Figure 2c and S1a, Supporting Information). It must be
mentioned that the synthesis was not investigate the relation-
ship between graphite size with ball milling duration, and all the
samples were ball milled for 48 h as the same conditions.
GP-M-BM were dispersed in EtOH (Figure S1d, Supporting

Information) for transmission electron microscopy (TEM)
investigation. Figure 2d shows a TEM image of a representative
multilayered and transparent nanoplatelets with winkled
structures, which indicate their high degree of exfoliation.
Under a higher magnification, the corresponding TEM image
shows the thin film has some edge distortion and honeycomb-
type morphologies for inner intact basal planes in Figure 2e.
This edge distortion image indicates the occurrence of a
significant edge-expansion in GP-M-BM, as schematically
shown in Figure 1. The corresponding selected area electron
diffraction (SAED) (Figure 2f) shows a typical 6-fold symmetry
pattern, indicating high crystallinity of the GNPs. X-ray
diffraction (XRD) patterns also prove the bulk GP can be

smashed into edge-expanded nanoplatelets. As shown in Figure
3a, a characteristic and strong [002] peak appears at 26.5°,
indicating a layer-to-layer d-spacing of 0.34 nm for pristine GP.
After the ball milling process without melamine, there is only a
slight change in the [002] peak of GP-BM compared with
pristine GP, which indicates these overlapped flakes are
nonexfoliated particles. Significantly, a broad peak with weaker
intensity at 25.8° is observed for GP-M-BM, which implicates
that the edges of GP-M-BM are exfoliated to a great extent.
Hence, combined with the SEM, TEM and XRD results, it is
found that the ball milling process can promote the crack and
delamination of GP, which is a robust way to prepare multilayer
GNPs.
Heat treatment of carbon materials with nitrogen source is

considered an efficient approach to prepare N-doped
materials.38,39 Thus, in order to generate ENR-GNPs, the
forementioned GP-M-BM nanocomposites were calcined at
900 °C under Ar for 2 h (that is H-GP-M-BM, Figure 1). In
this stage, the unseparated melamine act as nitrogen sources for
the N-doping process due to its high N content (66.7% by
mass).40,41 The use of ball milled graphite with melamine as
precursors for the postsynthesis annealing allows for a low cost,
large-scale production of ENR-GNPs, as shown in this work.
The as-prepared H-GP-M-BM also shows nanoscale (Figure

S1b,c, Supporting Information), after sonicated in EtOH, the
H-GP-M-BM can be further exfoliated into multilayer ENR-
GNPs. TEM images also reveal that the dispersed ENR-GNPs
have a significant tendency to coalesce into overlapped
structures and are somewhat wrinkled on the grid (Figure S2,
Supporting Information). Though the great mass of the
obtained ENR-GNPs are multilayered materials, which are
thicker than the ideal monolayer graphene, such a practical
technique can provide the product in gram quantities.

Figure 3. (a) XRD diffraction patterns, (b) Raman spectra, (c) XPS survey spectra and (d) High-resolution XPS N 1s spectra of H-GP-M-BM.
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Raman spectra were used to investigate the changes of the
physical structure caused by ball milling and heat treatment. As
can be seen in Figure 3b, the pristine GP shows a very weak D
band at 1354 cm−1 owing to its bulk network (see Figure 2a),
while, the G and 2D bands appear at 1580 and 2700 cm−1,
respectively.42 Hence, the ratio of the D band to G band
intensity (ID/IG) is very low and found to be approximately
0.06 (Figure 3b). The spectra changes are very slight for GP-
BM compared with GP, and the low ID/IG ratio (0.08) indicates
that ball milling without melamine cause negligible exfoliation
and edge damage to GP-BM. Remarkable, upon ball milling
with melamine, the GP-M-BM shows a strong D band over
1345 cm−1 with ID/IG = 1.57. The sharply enhanced intensity
could be assigned to the significant edge-expansion and the
increasement of disorder phase. In addition, D′ appears as a
shoulder around 1600 cm−1 on the G band of GP-M-BM,
which is also a characteristic of weak disorder on the graphitic
structure.34 According to previous reports, the more disordered
phase in the pristine carbon, the easier for N-doping effect,
because the disordered phase reacts faster with NH3 than the
graphitic phase during the heat treatment and help fix nitrogen
atoms in the carbon structure.35 Hence, the GP-M-BM sample
is very favorable for N-doping. After heat treated the
forementioned precursors mixed with melamine, there is nearly
no change of the ID/IG ratio for H-GP-M (0.07) and slightly
higher ratio for H-GP-BM-M (0.25), which indicates a few
structure defects caused by heat treatment. Interestingly, the
resulted H-GP-M-BM shows lower D band in comparison with
this of GP-M-BM, and the ID/IG ratio for H-GP-M-BM
decreases to 0.78. This result probably due to the graphitic
basal plane structures of H-GP-M-BM have been restored
during the heat-treatment. The XRD diffraction patterns also

show that the [002] peak of H-GP-M-BM moves to 26.1°
(Figure 3a), which further indicates the reassemble of graphitic
basal plane. At the same time, the N-doping effect which could
increase the intensity of D band should not be ignored.19

Hence, the resulted ID/IG ratio for H-GP-M-BM could be the
combined effects of basal plane restoration and N-doping.
Further evidence for the N-doping effect influenced by the

ball milling process comes from the X-ray photoelectron
spectroscopy (XPS) spectroscopic measurements. As shown in
Figure 3c, the intermediate GP-M-BM shows a pronounced C
1s peak at around 284.8 eV, a weak O 1s peak at around 532 eV
and a sharp N 1s peak locates at around 400 eV arising from
melamine. Upon heat treatment, in addition to the O 1s and C
1s peaks, the H-GP-M-BM shows a noticeable N 1s peak, which
is very different from GP-M-BM, indicating that an amount of
nitrogen has been covalently doped into H-GP-M-BM. The
further XPS analysis (Table S1, Supporting Information)
reveals the presence of ca. 3.1 at.% nitrogen in the H-GP-M-
BM, and this value is lower than that from traditional methods
(ca. 4.0 at.% from CVD,24 ca. 8.1 at.% from N-doped graphene
oxide).41 However, none of the heat treated control samples
show the detected N1s peak in the XPS spectrum (Figure 3c).
The absence of N in these control samples indicates that the
foreign N atoms may have not been incorporated into the
graphitic framework. In other words, ball milled GP with
melamine together is an indispensable pretreatment for the
subsequent N-doping procedure. This is because only in the
presence of melamine can the GP be cracked and exfoliated to
nanoscale platelets with more disordered phase, namely the ball
milling process could promote the graphitic matrix generate
more appropriate locations for N-doping. Given that the
present approach offers GNPs without basal plane distortion

Figure 4. (a) Cyclic voltammograms of ENR-GNPs/GC electrode in N2-saturated and O2-saturated 0.1 M KOH solution at a scan rate of 50 mV
s−1. (b) LSV curves of samples/GC electrodes in O2-saturated 0.1 M KOH solution at 1600 rpm with a scan rate of 5 mV s−1. (c) Rotating disk
electrode (RDE) voltammograms of ENR-GNPs/GC electrode in O2-saturated 0.1 M KOH solution at a scan rate of 5 mV s−1 with different
rotation rates from 400 to 2400 rpm. (d) Koutecky−Levich plots of ENR-GNPs at different electrode potentials.
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(Figure 2e), it is inferred that the disordered carbon could
mainly exist on the edge-expanded area of the graphitic matrix.
Consequently, the nitrogen atoms would prefer to be
incorporated into the edge of the graphite matrix to form
edge-nitrogen-rich nanoplatelets. The high-resolution N 1s scan
for H-GP-M-BM (Figure 3d) indicates the edge nitrogen could
be assigned to three species: pyridinic N (∼398.1 eV), pyrrolic
N (∼400.2 eV) and graphitic N (∼401.2 eV).43 While the
pyridinic N and pyrrolic N always locate on the edge of the
graphite matrix and graphitic N can be both edge-graphitic N
and bulk-like-graphitic N (Figure 1). Though all these nitrogen
forms have been shown to serve as catalytically active sites for
ORR,44 it is proposed that the outermost graphitic nitrogen
sites (edge-graphitic N) among others are the main active sites
due to the lowest barrier for electron transfer as well as the
highest selectivity toward the four-electron reduction path-
way.29 Moreover, the pyridinic N could also act as a marker for
edge plane exposure, so the dominant pyridinic N (56% atomic
concentration among all N components) indicates the H-GP-
M-BM has abundant edge plane and therefore a higher
proportion of more active edge-graphitic N. As expected, the
obtained ENR-GNPs electrocatalyst could show excellent ORR
activity (see below).
The electrocatalytic activity of ENR-GNPs electrode was first

assessed by cyclic voltammetry (CV) in 0.1 M KOH solution
saturated with nitrogen or oxygen at a scan rate of 50 mV s−1

(Figure 4a). In the nitrogen-saturated solution, featureless
voltammetric currents are observed between −0.6 and +0.2 V.
In contrast, when the electrolyte solution is saturated with
oxygen, a well-defined cathodic peak at −0.17 V is clearly
observed, which confirms that the ENR-GNPs electrode
exhibits pronounced electrocatalytic activity for ORR. To
further investigate the electrocatalytic activity of these obtained
samples, linear sweep voltammetric (LSV) measurements were
performed on a rotating disk electrode (RDE) in oxygen-
saturated 0.1 M KOH at a rotation speed of 1600 rpm (Figure
4b). It is obvious that only the ENR-GNPs electrode exhibits a
substantial oxygen reduction process, the onset potentials of
ORR is more positive and the current density is much higher
than other electrodes with negligible ORR catalytic activity.
What’s more, the half-wave potential (E1/2) of ENR-GNPs
electrode is only 12 mV negative shift compared with Pt/C
catalyst. This is mainly due to the N-doping effect, which can
sharply enhance the ORR activity of graphitic materials,
because only the sample prepared as Figure 1 shows detected
nitrogen content. According to previous reports, the overall

nitrogen content may significantly influence the performance of
ORR catalysis.45,46 However, despite the N-graphene nano-
platelets prepared in this study have lower N-doping level than
that from traditional methods, the ORR performance is
excellent and even approaching that of the commercial Pt/C
catalyst. It is likely that the unique structure of edge-nitrogen-
rich GNPs could account for the high ORR activity. Above all,
due to the edge-N-doping effect, the incorporated nitrogen
atoms mainly locate on the edge of the graphitic matrix, which
could generate more active sites for ORR. Moreover, compared
to the traditional approaches, the ball milling process could
avoid introducing abundant defects into graphitic matrix and
keep intact of their inner basal planes, which can retain their
electrical conductivity to facilitate charge transport during
electrocatalysis. In addition to the edge-N-doping effect, the
nanosized platelets could also contribute to the pronounced
ORR performance. On one hand, ball milling process can result
in nanosized graphene nanoplatelets with more active zigzag
edges which could improve the activation of oxygen and
therefore promote the ORR activity.47 On the other hand, the
reduced size of ENR-GNPs could sharply enhance the
Brunauer−Emmett−Teller (BET) specific surface area (Figure
S3, Supporting Information), which can expose more edge
active sites to electrolytes and thus result in ORR activity
enhancement. As mentioned above, this high ORR activity
could be the synergetic effects of edge-N-doping and nanosized
platelets. The above analysis further indicates that ball milling
process play an important role to the high ORR activity.
RDE measurements at various rotating speeds are also

performed to gain further insight into the kinetics of the ORR
at the ENR-GNPs electrode (Figure 4c). It can be seen that
there was a simultaneous increase of the limited diffusion
current density along with the rotating rates, owing to the
shorted diffusion layer.48 The Koutecky−Levich plots (j−1 vs
ω−1/2, Figure 4d) at different potentials show fine linearity and
parallelism, indicating first-order reaction kinetics for ORR with
respect to the concentration of dissolved oxygen.49 According
to the Koutecky−Levich equation (eqs 1 and 2, Supporting
Information),50 the electron transfer number (n) of ORR is
calculated to be 3.82 at potentials from −0.40 to −0.25 V,
suggesting that ENR-GNPs catalyst exhibits dominant 4
electron oxygen reduction process similar to the commercial
Pt/C catalyst (Figure S4, Supporting Information).
The ENR-GNPs electrode is further subjected to testing the

methanol tolerance ability and the electrochemical stability
toward ORR via a current−time (i−t) chronoamperometric

Figure 5. Current−time (i−t) chronoamperometric response of ENR-GNPs and Pt/C electrodes at −0.30 V in O2-saturated 0.1 M KOH solution
with a rotation rate of 1600 rpm: (a) upon addition of 3 M methanol after 300 s and (b) durability evaluation for 36 000 s.
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method. As shown in Figure 5a, the original cathodic current of
ENR-GNPs electrode reduces slightly after the addition of
methanol into the electrolyte solution. In contrast, the
corresponding current on commercial Pt/C electrode decreases
sharply upon addition methanol. This result unambiguously
suggests that the ENR-GNPs electrocatalyst exhibits better
methanol tolerance than the commercial Pt/C electrocatalyst.
Subsequently, the continuous oxygen reduction in oxygen-
saturated 0.1 M KOH solutions clearly demonstrates that the
stability of ENR-GNPs catalyst is superior to that of the
commercial Pt/C catalyst (Figure 5b). Furthermore, the ENR-
GNPs catalyst also exhibits remarkable ORR activity under
acidic conditions (0.5 M H2SO4, Figure S5, Supporting
Information).

■ CONCLUSIONS
In summary, we have developed a direct route to large-scale
production of ENR-GNPs by dry ball milling graphite powder
with melamine and followed by subsequent thermal treatment.
The ball milling process plays a very important role in this
approach, including preparing graphene nanoplatelets, facilitat-
ing the N-doping effect and enhancing the ORR activity. The as
prepared ENR-GNPs with ca. 3.1 at.% nitrogen content can be
highly dispersed to form multilayer nanoplatelets. Further
analysis results indicate that the doped N atoms mainly locate
on the edge of the graphitic matrix, and the edge-graphitic N
may have a higher proportion. Due to the synergetic effects of
edge-N-doping and nanosized platelets, the ENR-GNPs
electrode exhibits excellent ORR activity in alkaline electrolytes,
and its half-wave potential (E1/2) is only 12 mV negative shift
compared with commercial Pt/C catalyst. What’s more,
compared to a commercial Pt/C catalyst, the ENR-GNPs
electrode shows superior stability and methanol tolerance.
Given that this preparation technique utilizes cheap precursors
and does not require hazardous solvents, vacuum systems or
tedious post treatment, this facile low cost approach to mass
production of high efficient N-graphene based electrocatalyst
can be achieved in practice.
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