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raphene, single-layer carbon atoms
Gdensely packed into a two-dimen-
sional honeycomb lattice, is the
mother of all graphitic materials such as ful-
lerenes, carbon nanotubes (CNTs), and graph-
ite."? Owing to the unique properties®* and
potential applications of graphene in nano-
electronics,”’ energy storage materials,®~'°
polymer composite materials,'""'? and sens-
ing,">" ' approaches for the preparation of
high-quality graphene in large-scale has been
intensively explored in recent years. Besides
the original method of micromechanical clea-
vage of highly oriented pyrolytic graphite
(HOPG), efforts have also been made to
prepare large-area, high-quality graphene
through different kinds of methods, such as
chemical vapor deposition (CVD)'®'” and
liquid-phase exfoliation of intercalated gra-
phite compounds.'® Obviously, the need for
the ultimate goal of graphene-based elec-
tronic devices and analytical techniques will
continue to motivate research in this aspect.
Successful application of graphene in
various areas, such as nanoelectronics and
biosensing, will be certainly determined by
its physical and chemical properties; that is,
the electronic properties show considerable
effects on the graphene-based devices.'
Therefore, various strategies have been
adopted to tailor the electronic properties
of graphene via physical and chemical
means.?®?' Both theoretical calculations
and detailed experiments have proved that
chemical doping with foreign atoms is an
effective approach to achieve this goal. For
instance, n-type semiconductors can be ob-
tained by replacing carbon atoms with ni-
trogen atoms in graphene frameworks.?'%2
The lone electron pairs of nitrogen atoms
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ABSTRACT The electronic and chemical properties of graphene can be modulated by chemical
doping foreign atoms and functional moieties. The general approach to the synthesis of nitrogen-
doped graphene (NG), such as chemical vapor deposition (CVD) performed in gas phases, requires
transitional metal catalysts which could contaminate the resultant products and thus affect their
properties. In this paper, we propose a facile, catalyst-free thermal annealing approach for large-
scale synthesis of NG using low-cost industrial material melamine as the nitrogen source. This
approach can completely avoid the contamination of transition metal catalysts, and thus the
intrinsic catalytic performance of pure NGs can be investigated. Detailed X-ray photoelectron
spectrum analysis of the resultant products shows that the atomic percentage of nitrogen in doped
graphene samples can be adjusted up to 10.1%. Such a high doping level has not been reported
previously. High-resolution N1s spectra reveal that the as-made NG mainly contains pyridine-like
nitrogen atoms. Electrochemical characterizations clearly demonstrate excellent electrocatalytic
activity of NG toward the oxygen reduction reaction (ORR) in alkaline electrolytes, which is
independent of nitrogen doping level. The present catalyst-free approach opens up the possibility for
the synthesis of NG in gram-scale for electronic devices and cathodic materials for fuel cells and

biosensors.

KEYWORDS: nitrogen-doped graphene - catalyst-free approach - thermal annealing -
melamine - oxygen reduction reaction - electrocatalysis

can form a delocalized conjugated system
with the sp>hybridized carbon frame-
works,>>7% and this results in great im-
provement of the reactivity and electroca-
talytic performance of graphene. Recent
reports demonstrated that nitrogen-doped
graphene (NG) shows excellent electrocata-
lytic activity toward the oxygen reduction
reaction (ORR), which reveals the possibility
to replace expensive platinum-based cata-
lysts with nitrogen-doped carbon materials
and encourages us to look for highly effi-
cient metal-free catalysts toward ORR in fuel
cells.?* 28 Up to now, methods for NG syn-
thesis mainly include chemical vapor de-
position (CVD),%' arc discharge of a graphite
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Scheme 1. lllustration of the nitrogen doping process of melamine into GO layers. (1) Melamine adsorbed on the surfaces of
GO when temperature is <300 °C. (2) Melamine condensed and formed carbon nitride when temperature is <600 °C. (3)
Carbon nitride decomposed and doped into graphene layers when temperature is >600 °C.

electrode in the presence of pyridine vapor,?® thermal
annealing GO with NH5,>>*° and graphene treated with
nitrogen plasma.?®?” Of them, CVD is the common
approach for the synthesis of NG, which employs
organic molecules (e.g., CH,) as carbon source and
NH3 or pyridine as nitrogen source to synthesize NG
via rearranging the carbon and nitrogen atoms on
metal catalysts at high temperatures similar to the
conditions in the synthesis of nitrogen-doped carbon
nanotubes (N-CNTs).3' 3% In this case, metal catalysts,
such as nickel and copper, are necessary to form
graphene frameworks, and thus metal catalysts may
remain in the resultant NG product inserting into the
graphene layers. The metal impurities may interfere in
explaining observed electrocatalytic properties of NG
toward ORR. In addition, the nitrogen precursors of
NHs and pyridine used in the CVD process are toxic,
and careful treatments are essential. The toxicity of the
nitrogen precursors and possible contamination of the
products may limit the practical application of these
gas-phase synthesis methods. In the case of the pre-
paration of nitrogen-doped graphene using arc dis-
charge or N, plasma, special instruments or rigorous
conditions are certainly required. In order to simplify
the synthetic instruments and exclude the influence of
metal catalysts completely and consequently investi-
gate the intrinsic catalytic activity of NG, developing
metal-free approaches to the synthesis of NG is im-
perative under the situation.

In this work, we report a facile and catalyst-free
approach for the synthesis of NG by thermal annealing
graphite oxide (GO) using low-cost industrial material
melamine as nitrogen source. X-ray photoelectron
spectroscopy (XPS) was employed to evaluate the
nitrogen doping degree and nitrogen bonding config-
urations in graphene nanosheets under different an-
nealing conditions. It is found that nitrogen content in
graphene layers up to 10.1% (atom %) can be achieved.
Electrochemical results show that the resultant non-
metal NGs catalyze a four-electron oxygen reduction
reaction (ORR) process in alkaline electrolytes.

RESULTS AND DISCUSSION

The preparation of NGs starts from graphite oxide
(GO) through thermal annealing in the presence of
melamine at 700—1000 °C in a tubular furnace. In a
typical procedure, GO, synthesized by the modified
Hummers' method,*>*® and melamine were mixed
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together with a mass ratio of 1:5 by grinding, forming
a uniform gray mixture. This mixture in a crucible with a
lid was then placed into a corundum tube with a flow of
argon atmosphere and heated to 800 °C at a rate of 5
°C/min. After the temperature was maintained for 1 h,
the furnace was cooled to room temperature slowly.
The final product was collected from the crucible
directly. The possible doping process is illustrated in
Scheme 1. Melamine molecules first adsorbed onto GO
surfaces were condensed to carbon nitride with in-
creasing temperature in a tubular furnace.®” At the
same time, oxygen groups linked to graphene na-
nosheets in GO were removed at high temperature.
We suggest it is this removal process of oxygen species
that provides active sites for nitrogen doping into
graphene frameworks. Nitrogen atoms or other nitro-
gen species formed by decomposition of carbon nitride
can attack these active sites and form NGs. To a certain
extent, NGs with different nitrogen atomic percent can
be achieved by controlling the mass ratio of GO and
melamine, the annealing temperature, and time as
indicated in the XPS section. For comparison, pristine
graphene was also prepared using the similar route but
without adding melamine into the GO sample.

Atomic force microscopy (AFM) can directly charac-
terize the morphologies and layers of NGs. The AFM
samples were prepared by dropping NG dispersed in
DMF onto clean silicon (Si) surfaces and dried at room
temperature. Figure 1a shows the typical AFM image of
the exfoliated NG. Flattened NG nanosheets with an
average thickness of about 1.0 nm appeared, corre-
sponding to less than three single graphene layers by
considering the theoretical thickness of a single-layer
graphene (~0.34 nm). Morphologies of the obtained
NG were also characterized by transmission electron
microscopy (TEM). As shown in the low-magnification
TEM image (Figure 1b), the NG nanosheets are ran-
domly compact and stacked together, showing uni-
form laminar morphology like crumpled silk veil waves
similar to that of the pristine graphene (see Supporting
Information, Figure S1). This morphology was attribu-
ted to defective structures formed upon exfoliation or
the presence of doped nitrogen atoms.*® High-resolu-
tion transmission electron micrograph (HRTEM) and
selected area electron diffraction (SAED) reveal that the
NG is well-crystallized, and the sharp edges made of a
perfect graphitic layer with a (002) crystal plane corre-
sponding to a d spacing of ~0.35 nm appear clearly
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Figure 1. (a) Typical AFM image of NG, (b) low-resolution TEM image, and (c) high-resolution TEM image and selected area
electron diffraction (SAED) pattern (inset) of NG. (d) Typical PXRD patterns of NG (blue), graphite oxide (black), and pristine

graphene (red).

(Figure 1c), which is closer to that of single-crystal
graphite (0.335 nm). In SAED, the well-defined diffrac-
tion spots and rings are fully indexed to the typical
hexagonal lattice of carbon in NG, confirming the
crystalline nature of NG prepared via thermal anneal-
ing GO with melamine.3® On the other hand, the PXRD
pattern (Figure 1d) of NG shows a broad peak around
26.0° with an interlayer space of ~0.34 nm (for pristine
graphene, the strong diffraction peak locates at 25.8°),
which is similar to that of the HRTEM result. GO's
diffraction peak indexed to (002) shifts negatively to
~11.2°, corresponding to a layered structure with a
basal spacing of 0.79 nm.*° These results demonstrate
that thermal annealing of GO will partially restore the
graphitic crystal structure due to the reduction effect of
high temperature and nitrogen doping. The Bru-
nauer—Emmett—Teller (BET) specific surface areas of
the pristine graphene and nitrogen-doped graphene
(NG5 prepared by annealing GO and melamine with a
mass ratio of 1:5 at 800 °C for 0.5 h) are measured from
the nitrogen adsorption—desorption isotherms at 77 K.
It is found that the specific surface area of pristine
graphene is 281 m?/g, which is significantly lower than
the theoretical surface area of 2630 m%/g for individual
isolated graphene sheets. However, the specific surface
area of sample NG5 is only 6 m?/g, which is smaller than
that of the pristine graphene. From the specific surface
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7.6%NG
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10.1% NG
graphene 2D

Intensity/a.u.

1000 1500 2000 2500 3000
Raman shift/cm”

Figure 2. Raman spectra of pristine graphene (violet) and
NGs with different nitrogen atomic percentage: 5.6%
(black), 6.6% (magenta), 7.1% (cyan), 7.6% (blue), 8.4%
(green), and 10.1% (red), respectively.

area of NG5 and the pristine graphene, the graphene
and nitrogen-doped graphene synthesized by the ther-
mal annealing method contain more than one layer of
graphene sheets, which is consistent with the observa-
tions from AFM, TEM, and Raman characterizations.
Raman spectroscopy is the most direct and nondes-
tructive technique to characterize the structure and
quality of carbon materials,*' particularly to determine
the defects, the ordered and disordered structures, and
the layers of graphene. Therefore, Raman spectra of the
as-made NGs were collected by micro-Raman spec-
troscopy at an excitation wavelength of 514 nm under
ambient conditions by dropping the DMF dispersions
on Si substrates. For comparison, the spectra of GO and
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Figure 3. (a) XPS spectra of the pristine graphene, NGs prepared with GO/melamine mass ratio of 1:5 at 700 °C (NG1) and at
800 °C (NG2), and NGs prepared with GO/melamine mass ratio of 1:10 (NG3) and 1:50 (NG4) at 800 °C. (b) Atomic percentage of
nitrogen (red) and oxygen (blue) in NGs obtained by annealing the precursors with different mass ratio of GO/melamine at

800 °C.

pristine graphene obtained from thermally annealing
GO under the same conditions were also collected. The
Raman spectra of NGs exhibit two remarkable peaks at
around 1350 and 1580 cm ™' (Figure 2) corresponding
to the well-defined D band and G band, respectively.
The G band of the pristine graphene prepared under
similar conditions is up-shifted to 1595 cm ™" as compared
with NGs (~1580 cm ™). This phenomenon arising from
nitrogen doping is similar to the results of nitrogen-doped
CNTs.** Asis known, the G band related to the E, vibration
mode of sp? carbon domains can be used to explain the
degree of graphitization, while the D band is associated
with structural defects and partially disordered structures
of the sp? domains.*? It clearly shows that the intensity of
the D band in pure graphene and NGs is lower than that of
GO (Ip/lg = 1.02; see Supporting Information, Figure S2),
and the Ip/lg values of NGs decrease to 0.86—0.98 due to
different synthetic conditions. This indicates that partial
sp? domains were restored at different levels, and the
graphitic degree of NG samples was also improved ac-
cordingly due to the reduction effect and “self-repairing”
of the graphene layer at high temperature. In addition, the
Io/lg values of NGs were similar to that of the pristine
graphene (Ip/lg = 0.88) synthesized at similar conditions,
which indicates that graphitization degree of the resultant
NGs is analogous to the pristine graphene. 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, bilayer, and few-layer
graphenes. For the as-made NGs, the 2D peaks appear at
around 2700 cm™~'. Compared with the spectrum of
single-layer graphene,®® the present NGs exhibit a
broader and up-shifted peak in the Raman spectra,
demonstrating that the present thermal annealing pro-
cess results in few-layer NGs. This result is consistent
with the AFM and TEM characterizations. However,
single-layer NGs could be obtained when the single-
layer GO precursor on a silicon substrate surface is
prepared. Thermal annealing of the single-layer GO
nanosheets covered with melamine would result in a
single layer of nitrogen-doped graphene nanosheets.
X-ray photoelectron spectroscopy (XPS) characteriza-
tions were further performed to analyze the elemental
composition and nitrogen bonding configurations in
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NGs. As is shown in Figure 3a, the XPS spectrum of the
pristine graphene shows only the presence of carbon and
oxygen atoms. XPS spectra for NG samples clearly show
the incorporation of nitrogen atoms within the graphene
sheets, and the calculated N/C atomic ratio is in the range
of ~0.06—0.12 by controlling the annealing temperature,
the annealing time, and the amount of melamine. Com-
bined with the above Raman and microscopic results,
NGs can be successfully synthesized by thermal anneal-
ing GO in the presence of melamine. Moreover, the
nitrogen content in NGs can be tailored by controlling
the synthetic conditions. Under the conditions of 700 °C
with a 0.2 mass ratio of GO to melamine, the highest
doping level of 10.1% (atom %) can be achieved. Once
the annealing temperature was increased to 800 °C, the
nitrogen doping level decreased to 6.6% immediately.
While the annealing temperature is kept constant, the
doping level will increase with the increase of melamine
mass (Figure 3b). It is interesting to find that the percen-
tage of oxygen is lower in the NGs than in the pristine
graphene when the samples are prepared at the same
annealing temperature and time. As shown in Figure 3b,
the atomic percentages of oxygen in graphene and NG3
prepared at 800 °C are 7.5 and 3.0%, respectively,
indicating that nitrogen doping increases the reduction
efficiency of GO. In addition, the oxygen level becomes
lower with the decrease of GO/melamine mass ratio. At
GO/melamine mass ratio of 1:10, the lowest atomic
percentage (3.0%) of oxygen in the resultant sample is
obtained. These phenomena are in good agreement with
Dai's previous report>® and could be due to the compe-
titive doping between oxygen and melamine. To further
confirm the nitrogen doping of graphene, electron en-
ergy loss spectroscopy (EELS) measurements were also
carried out. Typical EELS spectrum (see Supporting In-
formation, Figure S3) shows two visible edges located at
~277 and ~396 eV corresponding to the characteristic
K-shell ionization edges of C and N, respectively. As a
result, the two bands corresponding to C and N can be
well-confirmed, and nitrogen doping of graphene is
really achieved using our approach. This result is consis-
tent with the one from XPS measurements. Band for the
K-shell ionization edges of O is invisible. The characteristic
K-edge of N appeared at 398 eV with 7* and o* peaks
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Figure 4. (a) High-resolution C1s spectra of the pristine graphene prepared at 800 °C by thermal annealing. C1s (b) and N1s (c)
spectra of NG prepared at 800 °C by thermal annealing with GO/melamine mass ratio of 1:5 for 30 min (nitrogen atomic
percentage is 7.1%, denoted as NG5). (d) Schematic structure of NG.

TABLE 1. Carbon Atomic Percent of NGs Prepared by
Annealing GO and Melamine for 1 h under Different Mass
Ratio and Temperature®

NG1 NG2 NG3 NG4
(% (atom %) 86.8 90.4 89.4 88.4
N% (atom %) 10.1 6.6 7.6 84

G0/melamine = 1:5 at 700 °C (NG1), GO/melamine = 1:5 at 800 °C (NG2), GO/
melamine = 1:10 at 800 °C (NG3), and GO/melamine = 1:50 at 800 °C (NG4).

indicating that sp>hybridized N atoms were indeed
incorporated into the graphene layers.** %

The high-resolution C1s XPS spectra of the as-made
samples show one main peak at 284.4—284.8 eV,
corresponding to sp>-hybridized graphitic carbon
atoms and small signals at higher binding energy (BE)
indicating some C—N and/or C—O species remaining in
the samples after thermal annealing.*® In the C1s spec-
tra of the pristine graphene, the sharp peak at 284.5 eV
corresponding to sp? carbon atoms indicates most of
carbon atoms being in the form of conjugated honey-
comb lattice, and the peaks at 286.2,287.8,and 289.2 eV,
which are attributed to different C—O bonding config-
urations, decrease considerably after thermal annealing
of GO (Figure 4a and Figure S4a in Supporting
Information). This reveals that most of the oxygen
groups have been removed, and the graphitic carbon
network was partially restored. Due to the disordering of
the graphite-like structure after introduction of nitrogen
atoms into graphene layers, the sharp peak in the C1s
spectrum of NGs, which is still assigned to the graphitic
sp? carbon atoms, shifts to higher binding energies of
28462848 eV.*” On the other hand, from the XPS
results, the carbon content (atom %) in NGs decreases
slightly with the increase of nitrogen atomic percentage
(Table 1). However, the peaks at ~284.7 eV are still the
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TABLE 2. Percentage of Carbon atoms and Full Width at
Half-Maximum Values of C1s Peaks in Graphene, NGs
with 7.1% (NG5), and 10.1% (NG1) Nitrogen

carbon % (atom %) fwhm (eV)
NG1 86.8 1.23
NG5 89.8 1.21
graphene 92.5 1.14

largest ones in the C1s spectra (see Supporting Informa-
tion, Figure S4b), indicating the partial reconstruction of
graphene structures during the nitrogen doping pro-
cess. The small new peaks at 285.8 and 2875 eV
obtained by peak fitting suggest the bonding formation
of doped nitrogen atoms to be sp?-C and sp>-C atoms,
respectively (Figure 4b). Compared with the pristine
graphene, the high-resolution C1s peak of NGs shifts
to high binding energy and its full width of half-max-
imum (fwhm) at 284.6 eV increases with the increase of
nitrogen content (Table 2). All of these results indicate
the formation of C—N bonds in the annealing process.

Similarly, the bonding configurations of nitrogen
atoms in NGs were characterized by high-resolution
N1s spectra. For example, the N1s spectra of NG5 can
be fitted into four peaks at 398.2, 399.5, 401.1, and
402.6 eV (Figure 4c). The peaks with lower binding
energy located at about 398.2 and 399.5 eV, respec-
tively, correspond to pyridine-like and pyrrole-like
nitrogen, as illustrated in Figure 4d, which can con-
tribute to the s-conjugated system with a pair of
p-electrons in the graphene layers. When carbon
atoms within the graphene layers are substituted by
nitrogen atoms in the form of “graphitic” nitrogen, the
corresponding peak in the high-resolution N1s spectra
is located at 400.8—401.3 eV. It is also found that
increasing the annealing temperature results in more
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Figure 5. (A) Typical cyclic voltammograms (CVs) for ORR obtained at a bare GCE (a), graphene/GCE (b), and NG5/GCE (N% =
7.1%) (c) in O, saturated 0.1 M KOH aqueous solution. (B) CVs for ORR at NGs, synthesized with different mass ratio of GO and
melamine (1:1, 1:2, 1:5, 1:10, 1:50) at 800 °C, modified GCE in O, saturated 0.1 M KOH aqueous solution. Scan rate: 100 mV/s.

graphitic N incorporated into the graphene networks.
The high energy peak at 402.3—402.9 eV is commonly
attributed to oxidized nitrogen.*® As shown by the N1s
spectra, pyridine-like nitrogen is the main component
in our prepared NGs (Figure 4c and Figure S5 in
Supporting Information). Our results demonstrate that
it is not the quantity of nitrogen precursor melamine
but the annealing temperature that can be the key
factor to modulate the chemical state of nitrogen
in doped graphene (see Supporting Information,
Table S1).

The oxygen reduction reaction (ORR) is of great
importance in fuel cells and other electrochemical
devices.*® Recently, great efforts have been focused
on developing effective and low-cost ORR electrocata-
lysts, including nonmetal carbon materials.®*%*! Con-
sequently, NG as a special kind of carbon material was
also used in electrocatalytic application of ORR. Cyclic
voltammetry and rotating ring-disk electrode (RRDE)
technique were taken to explain the electrocatalytic
activity of NGs toward the ORR. Figure 5A shows the
cyclic voltammograms (CVs) for the electrochemical
reduction of O, at a bare glassy carbon electrode (GCE),
graphene/GCE, and NG5/GCE in O, saturated 0.1 M
KOH aqueous solution. For the bare GCE and pure
graphene/GCE, the electrochemical reduction occurs
in two processes with onset potentials at around —0.3,
—0.7 V and —0.2, —0.6 V, respectively. Clearly, the
graphene/GCE exhibits more positive onset potential
and much larger reduction current for ORR (Figure 5A,
curve b), indicating a much faster electron transfer
kinetics for ORR on graphene than on a bare GCE.
Interestingly, the onset potential of ORR on the NG5/
GCE occurs at —0.1 V, which is about 0.1 V more
positive than on graphene/GCE. In addition, compared
to the pristine graphene, the reduction current for ORR
catalyzed by NG5 is much larger. Both the positive shift
of onset potential and the enhanced reduction current
for ORR on NG5/GCE demonstrate that NG5 possesses
much higher electrocatalytic activity toward ORR than
graphene, which could be due to a faster reaction
kinetics with a higher transferred electron number per
oxygen molecule at the NG5 modified electrode sur-
face. To further evaluate the transferred electron num-
ber (n) per oxygen molecule at the NG5/GCE, RRDE
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testing was performed using a NG5/GC disk Pt ring
electrode. The results are shown in Supporting Infor-
mation (Figure S6a). Although the electrocatalytic ac-
tivity of NG5 toward ORR is lower than that in the bulk
platinum disk, it is much better than graphene and
glassy carbon. The calculated n value for the pure
graphene is about 2.2—2.4 at potentials ranging from
—0.3 to —0.8 V (see Supporting Information, Figure
S6b), which explains that the ORR process catalyzed by
the pure graphene/GCE is a two-step two-electron
pathway with the formation of intermediate HO, ~ ions.
The first process could be attributed to the reduction of
0, to peroxide, which is electrochemically mediated by
the oxygen-containing surface groups, while the sec-
ond is adirect 2e~ reduction process at the electrode.>?
However, the n value for NG5 is about 3.4—3.6 at
potentials ranging from —0.3 to —0.8 V, which reveals
that the electrocatalytic process of NG5/GCE is a one-
step four-electron pathway for ORR with much higher
peak current, which is similar to the recent report.*®
Electrocatalytic selectivity and stability were also mea-
sured by exposing NG5/GCE to the fuel molecule
methanol (see Supporting Information, Figure S7). It
shows that the addition of 1.0 M methanol does not
affect the electrocatalytic activities of NG toward ORR,
which indicates that NG5 possesses excellent selec-
tivity and stability toward ORR in 0.1 M KOH aqueous
solution. These results suggest that NGs are a promis-
ing nonmetal catalyst for the ORR in alkaline solutions.
The excellent electrocatalytic activity of NGs could be
attributed to the incorporation of nitrogen atoms into
the graphene layers, which favors the reactivity of the
neighborly linked carbon atoms via alteration of the
electronic structure as in the case of nitrogen-doped
CNTs.>?

To investigate the effect of nitrogen content in
doped graphene nanosheets, the electrocatalytic ac-
tivity of NGs with different nitrogen content toward the
ORR process in oxygen saturated 0.1 M KOH aqueous
solution was studied. The CVs show similar electroche-
mical behavior for the ORR at all the NGs modified GCE.
However, the reduction current increases with the
increase of nitrogen content in NGs (Figure 5B). The
onset potential of ORR is around —0.1 V and almost
invariable with the increase of nitrogen content. This
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demonstrates that the nitrogen content in NGs does
not significantly affect the electrocatalytic activity of
NGs toward ORR. It may imply that the pyridine-like
nitrogen component in NGs determines the electro-
catalytic activity of NGs toward ORR because nitrogen
bonding configurations in NGs in the present work are
composed mainly of pyridinic nitrogen. As a result, it is
not the nitrogen content but the nitrogen bonding
configurations in NGs that could be the key factor for
electrocatalytic performance toward ORR.

CONCLUSIONS

In summary, we report a facile, catalyst-free thermal
annealing method to prepare NGs in larger scale using
low-cost industrial material melamine as the nitrogen
source. In this method, the atomic percent of nitrogen
in graphene layers can be adjusted up to 10.1% as
estimated from the XPS analysis. High-resolution N1s
spectra reveal that all of the nitrogen atoms are mainly in
the form of pyridine-like bonding configuration in

METHODS

Materials. Graphite powder (99.9995% purity, —100 mesh,
briquetting grade, mesh) was purchased from Alfa Aesar. Mela-
mine was bought from Sinopharm Chemical Reagent CO. Ltd.
(China) and used after recrystallization from water. Other chemi-
cals such as H,SO4; KOH, and N,N-dimethylformamide (DMF),
bought from Nanjing Chemical Reagent CO. Ltd., were all of
analytical grade and used as received. All solutions used in the
electrochemical experiments were freshly prepared with Millipore
water having a resistivity of 18.2 MQ (Purelab Classic Corp., USA).

Apparatus. The morphology of graphene and NG samples
was characterized by transmission electron microscopy (TEM)
and HRTEM using a Hitachi-2100 TEM facility with a 200 kV
accelerating voltage. The TEM samples were prepared by drying
a droplet of the graphene or NG suspensions on a Cu grid with
carbon film. Atomic force microscopy (AFM) images were
obtained on an Agilent 5500 AFM/SPM system with Picoscan
v5.3.3 software. Imaging was performed in tapping mode under
ambient conditions. An X-ray powder diffractometer (XRD,
Shimadzu, X-6000, Cu Ka radiation) was used to determine
the phase purity and crystallization degree. Room temperature
Raman spectra were recorded using a Renishaw InVia micro-
Raman system with an excitation wavelength of 514 nm. X-ray
photoelectron spectroscopy (XPS, Kat) analyses were carried out
on a Thermo Fisher X-ray photoelectron spectrometer system
equipped with Al radiation as a probe, with a chamber pressure
of 5 x 1077 Torr. The source power was set at 72 W, and pass
energies of 200 eV for survey scans and 50 eV for high-
resolution scans were used. The analysis spot size was 400 um
in diameter. All electrochemical measurements were performed
on a CHI 900 electrochemical workstation (CH Instruments,
USA). Cyclic voltammograms were collected in a three-elec-
trode system (GCE or modified GCE as the working electrode, a
Pt wire as counter electrode, and an Ag/AgCl as the reference) at
room temperature. For RRDE measurements, a HP-1A RRDE
system from Jiangfen Electroanalytical Instrument Co. Ltd.,
China, was used as the working electrode. This RRDE consists
of a GC disk (4 mm in diameter) and Pt ring electrodes (1 mm in
width). For RRDE measurements, the Pt ring electrode was
modified with 5 uL of T mg/mL graphene or NG suspensions.
The collection efficiency of the RRDE was determined to be 0.47
using Fe(CN)s* ">~ as electrochemical probe. Linear sweep
voltammetry was performed at the GC disk electrode, while
the Pt ring electrode was polarized at 0.5 V for oxidizing
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NGs synthesized by thermal annealing GO with mela-
mine. It is also found that the content of graphitic nitro-
gen will increase with higher annealing temperature.
The present synthesis method can also be extended to
prepare other element (such as B, Si, P, and S)-doped
graphene nanosheets if appropriate precursors are
used. Electrochemical characterizations demonstrate
that the NGs exhibit excellent electrocatalytic activities
toward ORR in alkaline electrolytes, similar to what was
observed in nitrogen-doped vertically aligned carbon
nanotubes. Since the electrocatalytic activity of the NGs
toward ORR is not considerably affected by the altera-
tion of nitrogen content in NGs, it may imply that the
pyridine-like nitrogen component in NGs determines
the electrocatalytic activity of NGs toward ORR. Thus,
searching for an effective doping approach and illumi-
nating the electrocatalytic mechanisms of NGs toward
ORR should be of great importance for the development
of nonmetal ORR catalysts, even practical applications in
fuel cells and biosensors.

intermediates generated from the disk electrode. In all of the
electrochemical measurements, 0.1 M KOH aqueous solution
saturated with oxygen was used as the electrolyte.

Synthesis of Nitrogen-Doped Graphene Nanosheets. Annealing of
GO was carried out in a homemade tube furnace. We used high-
purity argon as protective ambient to anneal GO or a mixture of
GO and melamine. Detailed procedure is as follows: GO powder
and melamine were ground together in a mortar using pestle
for about 5 min, and the mixture was then placed in the center
of a corundum tube with a flow of argon. Before the furnace was
heated to 300 °C, Ar gas was flowed for about 20 min. When the
center of the furnace reached the designed reaction tempera-
ture (e.g., 800 °C), the mixture was annealed for 1 h at this
temperature. After that, the sample was cooled to room tem-
perature under Ar ambient. Finally, the products were taken out
of the corundum tube. The pristine graphene was synthesized
from GO using a similar procedure but without melamine.

Preparation of Graphene, Nitrogen-Doped Graphene Modified Elec-
trode. Prior to use, glassy carbon electrode (GCE, ¢ = 3 mm) was
polished with 0.05 um gamma alumina powders, then rinsed
thoroughly with ethanol and water in an ultrasonic bath to
remove any alumina residues, and finally dried with blowing N,
gas. Ten microliters of sonicated pure graphene or NG DMF
suspension was dropped on the pretreated bare GCE using a
micropipet tip and dried in air.
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