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a  b  s  t  r  a  c  t

Graphene  and  nitrogen  doped  graphene  have  been  prepared  by  modified  Hummers’  method  and  the
following  ammonia  heat-treatment  process,  respectively.  The  effects of  N-doping  on the structure  of
graphene  have  been  systematically  investigated  by various  characterization  techniques.  SEM, TEM,  BET,
Raman and XRD  analysis  were  used  to  distinguish  the difference  of  the  microstructures;  and  FT-IR,  XPS,
especially  XANES  were  performed  to elucidate  the  bonding  information  such  as  C–N.  The  effect  of nitrogen
doping  on  the  structure  of  graphene  has been  obtained.  More  defects  are  present  on  nitrogen  doped
graphene  as elucidated  by  BET,  XRD,  Raman,  and  XANES  characterizations.  XANES  analysis  also  indicates
that the  N-doping  decreases  the  surface  oxygen-containing  groups.

© 2011 Published by Elsevier B.V.

1. Introduction

Graphene, the two-dimensional (2D) monolayer of carbon
atoms arranged in a honeycomb lattice, has recently attracted great
interests for both fundamental and applied research since its dis-
covery by Novoselov et al. [1] at the University of Manchester using
the deceptively simple Scotch tape method. Graphene has unique
physical and chemical properties, such as high surface area (the-
oretical value: ∼2630 m2 g−1), high chemical stability, excellent
conductivity (106 S cm−1, higher than the conductivity of silver, the
highest conductive substance known at room temperature), unique
graphitic basal plane structure, and the easiness of functionaliza-
tion and production. These unique physical and chemical properties
lead graphene as an ideal base for applications in electric device
[2],  biosensors [3],  field effect transistors [4],  supercapacitors [5],
lithium secondary batteries [6],  and fuel cells [7–10]. Since mate-
rial properties are always related to the structure of the material,
many attempts have been made to modify the electrical properties
of graphene by controlling its structure, which include preparing
carbon sheets with different layers and graphene with and without
defects by new synthesis methods [11,12], chemical functionaliza-
tion of graphene [13–15],  and chemical doping with foreign atoms

∗ Corresponding author. Tel.: +1 519 6612111x87759; fax: +1 519 6613020.
E-mail address: xsun@eng.uwo.ca (X. Sun).

[16–18].  In general, chemical doping with N or B is considered an
effective method to intrinsically modify the properties of carbon
materials. Especially nitrogen doping plays a critical role in regulat-
ing the electronic and chemical properties of carbon materials due
to its comparable atomic size and five valence electrons available
to form strong valence bonds with carbon atoms. Theoretical study
has shown that nitrogen doping results in the higher positive charge
on a carbon atom adjacent to the nitrogen atoms [19], and a positive
shift of Fermi energy at the apex of the Brillouin zone of graphene
[20]. Some recent experimental results also proved that nitrogen
doped graphene (N-graphene) has higher electrocatalytic activity
for the reduction of hydrogen peroxide and oxygen than graphene
[19,21].  Also, N-graphene has shown better performance in Li ion
battery applications [22]. Furthermore, N-graphene as Pt support
exhibited the higher electrocatalytic activity for methanol oxida-
tion than graphene [23]. Therefore, it is of fundamental interest to
investigate how nitrogen doping affects the structure of graphene
and in turn the chemical properties can be adjusted accordingly.
The question is then: what is the difference between the structure of
graphene and N-graphene? Till date, however, only limited works
have been done to investigate the structural difference between
graphene and N-graphene [16,24,25].  Here, we  report the results
from a series of experiments designed and various advanced char-
acterization techniques to address this question.

In this work, we  prepared the N-graphene (2.8 at.% N content)
by the heat-treatment of graphene under ammonia, and studied
the effect of nitrogen doping on the structure of graphene sys-
tematically by various characterization techniques—BET (Brunauer,
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Fig. 1. SEM and TEM images of graphene (a and c) and N-graphene samples (b and d).

Emmett, and Teller) isotherm, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD),
Raman spectra, FT-IR spectra, X-ray photoelectron spectroscopy
(XPS), and X-ray absorption near-edge structure (XANES) spec-
troscopy.

2. Experimental

2.1. Preparation of graphene and N-graphene

Graphite powder was used as the starting material. Graphene
was first prepared by the oxidation of graphite powder using the
modified Hummers’ method [26,27]. Typically, graphite powder
(1 g) and sodium nitrate (0.75 g) were first stirred in concentrated
sulphuric acid (37.5 mL)  while being cooled in an ice water bath.
Then potassium permanganate (4.5 g) was gradually added to form
a new mixture. After 2 h in an ice water bath, the mixture was
allowed to stand for five days at room temperature with gentle
stirring. Thereafter, 100 mL  of 5 wt% H2SO4 aqueous solution was
added into the above mixture over 1 h with stirring. Then, 3 g of
H2O2 (30 wt% aqueous solution) was also added to the above liquid
and the mixture was stirred for 2 h. After that, the suspension was
filtered and washed until the pH value of the filtrate was  neutral.
The as-received slurry is the so-called graphite oxide. Finally, the
dried graphite oxide was heated at 1050 ◦C for 30 s under Ar to get
graphene [28]. Nitrogen doped graphene was further obtained by
heating the graphene under high purity ammonia mixed with Ar at
900 ◦C [29].

2.2. Physical characterizations

The morphologies of the samples were characterized by Hitachi
S-4800 field-emission SEM operated at 5.0 kV, Philips CM10 TEM
operated at 80 kV. BET is used to determine the specific surface area,
pore size, and pore volume. Also the detailed structures have been
characterized by XRD, Raman spectra, FT-IR spectra. The nitrogen
contents for N-graphene was determined by Kratos Axis Ultra Al
(alpha) XPS. The synchrotron-based XANES spectroscopy measure-
ments were performed at the Canadian Light Source (CLS) on the
High Resolution Spherical Grating Monochrometor (SGM) beam-
line for the CK-, NK-, and OK-edge spectra. This beamline uses
a 45 mm planar undulator and three gratings to cover a photon
energy region from 250 to 2000 eV. It offers an energy resolution
greater than 5000 E/�E at energy below 1500 eV [30]. The beam-
line is capable of providing 1012 photons per second at 250 eV
and exceeds 1011 photons per second up to 1900 eV at 100 mA.
Spectra were recorded in the fluorescence yield mode (FLY) using
a microchannel-plate detector and the total electron yield (TEY)
mode measuring the sample current. All spectra were normalized
to the intensity of the incident beam (I0), measured simultaneously
as the current emitted from a gold mesh located after the last optical
elements of the beamline.

3. Results and discussion

Fig. 1 shows the typical SEM and TEM images of graphene and
N-graphene. It can be seen that the material is transparent with the
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Table  1
Specific surface area of graphene and N-graphene determined by BET method.

Sample Specific surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(Å)

Graphene 455.6 1.34 118.1
N-graphene 595.6 1.82 122.0

voile-like structure. These materials consist of randomly crumpled
sheets closely associated with each other and forming a disordered
solid. The graphene planar sheets are clearly observed in N-doped
graphene, indicating that the features of high surface/volume ratio
and the two-dimensional structure of graphene morphology are
well maintained. However, it is hard to distinguish the difference
between graphene and N-graphene from the general SEM and TEM
observations.

Table 1 shows the detailed BET data for the two  samples. It
has been recently shown that graphene and N-graphene can be
used as the catalysts or catalyst supports in fuel cells and batteries
[10,23,31].  High specific surface area is thus usually required for
the deposition of metals or metal oxides uniformly on these mate-
rials to enhance the (electro-) chemical activity. As one expects,
the specific surface area increases from 455.6 to 595.6 m2 g−1 for
graphene and N-graphene, respectively. The higher specific surface
area is an indication of a higher degree of graphite exfoliation in the
latter. However, it is still lower than the theoretical specific surface
area for completely exfoliated and isolated graphene sheets, due
to incomplete exfoliation and the agglomeration of graphene upon
rapid heating. Also, one can notice that the pore volume and pore
size increase slightly after nitrogen doping. During the prepara-
tion process of N-graphene, not only nitrogen atoms can substitute
some carbon atoms that most likely located on the reactive edge
[18], but ammonia also reacts with graphene to form hydrogen
cyanide and hydrogen (C + NH3 = HCN + H2). This process consumed
some carbon and may  make the material more porous, which in
turn resulted in the higher specific surface area, pore volume, and
pore size.

In order to evaluate the degree of structural deformations of
the graphene and N-graphene samples, Raman spectroscopy was
carried out (Fig. 2). Two distinct peaks were observed. The D
band, at approximately 1340 cm−1 for our samples, is disorder
induced, attributable to structural defects and other disordered
structures on the graphitic plane. The G band, at approximately
1570 cm−1, is commonly observed for all graphitic structures and

Fig. 2. Raman spectra of graphene and N-graphene samples.

Fig. 3. XRD patterns of graphene and N-graphene samples.

can be attributed to the E2g vibrational mode present in the sp2

bonded graphitic carbons. The intensity ratio of D band to G band,
namely the ID/IG ratio, provides the gauge for the amount of struc-
tural defects and a quantitative measure of edge plane exposure.
N-graphene was found to have an ID/IG ratio of 1.12, obviously
larger than 0.87 observed for graphene. The larger ID/IG ratio for
N-graphene is a result of the structural defects and edge plane expo-
sure caused by heterogeneous nitrogen atom incorporation into
the graphene layers. The result is also consistent with our previ-
ous study about carbon nanotubes and N-doped carbon nanotubes
[32].

Fig. 3 shows the XRD patterns for graphene and N-graphene. The
pronounced (0 0 2) peaks at about 29.0◦ were seen for both samples,
which are also assigned to the layer-to-layer distance (d-spacing:
d = �/2 sin �). The average stacking number of a graphene layer was
calculated [33] by using the d-spacing and size of the crystallite,
which was  evaluated from the width of the diffraction peak using
the Scherrer equation (� = K �/  ̌ cos �, where K is the shape factor, �
is the X-ray wavelength,  ̌ is full width at half maximum intensity
(FWHM) in radians, and � is the Bragg angle; � is the mean size
of the crystalline domains). The detailed X-ray crystalline parame-
ters are shown in Table 2. From these data, it can be seen that the
interlayer spacing of graphene and N-graphene are larger than that
of graphite (3.35 Å); and the size of crystallite for N-graphene has
slightly decreased compared with graphene, maybe due to ammo-
nia corrosion and defects resulted from nitrogen doping. However,
ammonia treatment process cannot affect the layers of graphene.

Furthermore, FT-IR spectra were used to investigate the bonding
difference between graphene and N-graphene. From Fig. 4, it can be
seen that although graphite oxide was  reduced by rapid heating, the
FT-IR spectrum of graphene still shows some characteristic bands of
surface oxidized groups, at 3450 cm−1 (O–H stretching vibrations),
at 1384 cm−1 (C–O–H stretching vibrations), and at 1100 cm−1

(C–O stretching vibrations) [34]. The peak located at 1635 cm−1

could be ascribed to the skeletal vibration of graphitic domains.

Table 2
X-ray structural parameters of graphene and N-graphene from plane (0 0 2).

Sample �, plane
(0 0 2)

Value of
d (Å)

Value of
� (Å)

No. of
layers

Graphene 29.2 3.55 0.832 3.3
N-graphene 29.9 3.46 0.799 3.3
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Fig. 4. Infrared spectra of graphene and N-graphene samples.

For N-graphene, in addition to the above-mentioned peaks, C–N
stretching vibrations were observed at 1257 and 1326 cm−1 and
N–H bend vibration at 1550 cm−1 was also obtained. Due to the
overlap of peaks for C C and C N, and the relative low ratio of
nitrogen to carbon atoms, it is difficult to prove the existence of
C N by FT-IR.

XPS, a powerful tool to identify the elements’ states in bulk
material, was thus used to prove the existence of C N and other
existing forms of nitrogen. XPS characterization (Fig. 5) indicated
that about 2.8 at.% nitrogen was introduced to the graphene sheet
by ammonia treatment under 900 ◦C. Based on the detailed analy-
sis of N1s (insert, Fig. 5), the different proportion of pyridine-like N
(398.1 eV), pyrrole-like N (399.9 eV), and quaternary N (401.3 eV)
were observed. In addition, it was found that ammonia annealing
temperature has the effect on N-doping content and the existence

Fig. 5. XPS spectra of graphene and N-graphene samples. The inset: the high-
resolution N1s spectra of N-graphene sample: the pink and black lines are the
raw  and fitted spectra. The red, green, and blue lines correspond to pyridine-like N
(398.1 eV), pyrrole-like N (399.9 eV), and quaternary N (401.3 eV), respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

forms of nitrogen. The N content is 2.8 and 2.0 at.% for N-graphene
under 800 and 1000 ◦C annealing temperature, respectively. N-
graphene under treatment temperature of 900 ◦C has the highest
content of quaternary N, which is considered as the real doping
[35]. Thus, it is clear that nitrogen was  doped into the graphene
structure.

XANES measurements were carried out to investigate the nitro-
gen doping effect in detail. CK-edge XANES spectra of graphene and
N doped graphene are compared in Fig. 6(a). XANES spectroscopy is
element specific and it concerns with the measurement and inter-
pretation of the absorption coefficient above an absorption edge
of an element in a chemical environment. At the C and NK-edge,
the area under the resonance in the vicinity of the threshold in
XANES (also called white line) is proportional to the unoccupied
density of state (DOS) when tuneable X-rays are used to excite the
1s electron into previously unoccupied electronic states of p char-
acter (dipole selection rules). In graphite, the CK-edge will clearly
exhibit a �* (∼285 eV) and a �* (∼291 eV) resonance [36]. In high
purity graphene, similar resonance patterns have been observed
together with a well-defined peak at ∼283.6 eV [37]. The region
between the �* and �* resonance is usually flat or monotonic if the
samples are without impurity. For surface funtionalized graphite,
graphene, carbon nanotubes, resonance structures characteristic
of oxygen or nitrogen functionalized surface groups will appear.
For better comparison, the CK-edge spectra of graphene and N-
graphene are normalized to the edge jump (where the absorption
coefficient reaches at a flat region above the edge) of unity. At a first
glance of Fig. 6(a), both spectra show two  main features, the �* tran-
sition at around 285.5 eV and the �* transition at around 291.7 eV,
which is the signature of the graphitic structure. It should be noted
that the relative intensity of the �* vs. �* transition depends on
the relative orientation of the graphitic plane with respect to the
polarization of the incident photon, which is linearly polarized
in the plane of the electron orbit of the synchrotron. At normal
incidence, the �* dominates and at grazing incidence, the �* domi-
nates. In the present case, the angle of incidence was  at 45◦, and
the sample is not perfectly flat, both resonances are noticeable.
In between these two main features, a weak peak at 288.3 eV can
also be detected in the undoped graphene, the intensity of which
decreased obviously after N-doping. This feature has been previ-
ously characterized as the resonance from the �* of the C O bond of
the carboxylic COOH group [38]. It is worth reiterating that no spec-
tral feature in the region between the �* and �* can be observed
for high purity graphite, carbon nanotube and graphene with little
defects. Another pre-edge feature centered at around 283.6 eV can
also be detected in both cases. This feature is due to the surface
defects, for example, dangling bonds [39] and amorphous carbon.
The intensity for this pre-edge feature increased with N-doping.
Therefore, with N-doping, more defect sites have been created in
the graphene. Even though, those features from N related functional
groups in between 287 and 288 eV cannot be easily discerned, the
intensity for both �* transition and �* transition increased a little
after N-doping. This is a powerful evidence that after the N-doping
the unoccupied DOS increased by the charge transfer from carbon
to the more electronegative nitrogen, which is beneficial for the
electric conductivity of the material.

The existence of N in the N-graphene can be confirmed by the
corresponding TEY of the NK-edge XANES spectra as shown in
Fig. 6(b). Three main peaks can be detected as centered at 397.9 eV,
400.7 eV and 406.3 eV. The first two features arise from transi-
tions from the K shell (N1s) to unoccupied �* orbital containing
N character and the last is due to the transition into �* orbital
[40]. They are undoubtedly a direct support of successful doping
into the graphene matrix, forming unsaturated C–N bonds. The �*
resonance at 397.9 eV is attributed to the pyridine-like bonding in
nitrogenated carbon materials, and the other broad peak from 399.3
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Fig. 6. (a and b) TEY of the CK-edge and NK-edge XANES spectra of graphene and N-doped graphene, (c) FLY of the XANES spectra of the N-doped graphene, and (d) TEY of
the  OK-edge XANES spectra of graphene and N-doped graphene aphene, and (d) TEY of the OK-edge XANES spectra of graphene and N-doped graphene.

to 401.7 eV may  come from pyrrole- and graphite-like bonding.
No signal from the NK-edge can be found through the bulk sensi-
tive FLY, as shown in Fig. 6(c), therefore, the doping predominately
occurred in the surface of graphene specimen under investigation.

The effect of N-doping on the content of oxygen-containing
groups in graphene can be confirmed by the comparison of OK-edge
as shown in Fig. 6(d). Several features corresponding to different
oxygen-containing groups are visible from the graphene (the black
line). The peak at 530.6 eV is from the �* state of C O, the one at
533.3 eV is related from to the �* state of C(sp2)–O, and that at
536.3 eV belongs to the �* state of the C–O [41]. After N-doping,
the peak intensity diminishes and the presence of those oxygen-
containing groups once existed on the surface of undoped graphene
is no longer evident.

4. Conclusions

Nitrogen doped graphene has been prepared by the heat-
treatment of graphene using ammonia. XPS results indicated that
about 2.8 at.% nitrogen was introduced into the graphene layer. The
effects of N-doping on graphene have been systematically investi-
gated by a number of techniques for microstructure and bonding
studies. The results show that after nitrogen doping, the graphene
basically maintains the initial morphology based on the SEM and
TEM images. Most importantly, XANES confirms the incorporation
of N into the graphene lattice. Several observations must be noted.
First, these results show that there are several nitrogen species
such as pyridine-like, pyrrole-like, pyridine-like, and quaternary
N contents on the N-graphene. Second, after the N-doping, XANES
results reveal that the unoccupied DOS increases, suggesting charge
transfer from carbon to the more electronegative nitrogen, which
is beneficial for the electric conductivity of the material. Finally, the
N-doping decreases the surface oxygen-containing groups, which

may  provide a new way to control the surface oxygen contents, and
improve the corrosion resistance of graphene. In addition, BET anal-
ysis reveals that N-graphene has the increased specific surface area
compared with graphene, indicating that more defects exist on the
surface, which is supported by the observation of decreased size
and higher ID/IG ratio after doping from XRD and Raman results,
respectively. The resulting surface defects due to nitrogen doping
is expected to enhance Li+ storage for Li ion battery applications
and the anchoring of Pt nanoparticles on N-graphene for fuel cell
electrocatalyst applications.
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