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N-doped graphene (NG) materials have been prepared through a one-step solvothermal
reaction by using o-phenylenediamine as a double-N precursor. N-doping and reduction
of graphene oxide (GO) are both achieved simultaneously during the solvothermal reaction.
The results of scanning electron microscopy and high resolution transmission electron
microscopy measurements indicate that NG is highly crumpled. And the N-doping is con-
firmed by elemental analysis, X-ray photoelectron spectroscopy, Raman spectroscopy, Fou-
rier transformed infrared spectroscopy and ultraviolet-visible spectroscopy. The doping
level of nitrogen reaches up to 7.7 atom% and the types in NG are benzimidazole-N and
phenazine-N. The NG materials exhibit excellent electrochemical performance for sym-
metric supercapacitors with a high specific capacitance of 301 F g * at a current density
of 0.1 A g 'in 6 M KOH electrolyte, which is remarkably higher than the solvothermal prod-
ucts of pristine GO (210F g * at 0.1 A g ?). The NG materials also exhibit superior cycling
stability (97.1% retention) and coulombic efficiency (99.2%) after 4000 cycles, due to the high
content of nitrogen atoms, unique types of nitrogen and improved electronic conductivity.

© 2013 Elsevier Ltd. All rights reserved.

electrode materials, and pseudo-capacitors store energy by
fast surface Faradaic redox reactions [4]. Pseudo-capacitors

1. Introduction

Electrochemical capacitors (ECs), also named supercapacitors
or ultracapacitors, have attracted considerable attention in
recent years attributed to their high power density, reversibil-
ity, high rate capability and long cycle life, as well as low
maintenance requirements [1-3]. According to their charge
storage mechanisms, ECs can be divided into electrochemical
double-layer capacitors (EDLCs) and pseudo-capacitors.
EDLCs store and release energy depended on the electrostatic
interactions between ions in the electrolyte and the active

can obtain much higher pseudo-capacitance than EDLCs.
However, the degradation of capacitance and short cycle lives
of most pseudo-capacitors have limited their practical appli-
cations in industry because the redox reactions are not en-
tirely reversible and the structure of the materials would
easily damage during the redox process [5]. Compared with
pseudo-capacitors, EDLCs have superior cycling stability,
higher reversibility and lower cost. Nevertheless, the rela-
tively low capacitance of EDLCs mainly in the range of 100-
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300 F g* for aqueous and 90-140 F g~ for organic electrolytes
[6-10] is still not satisfied with the demand of many applica-
tions. Thus, it is of great importance for building ECs with
higher capacitance without sacrificing excellent cycling
stability.

As arising star in materials science and technology, graph-
ene, with high electronic conductivity and large specific sur-
face area (SSA), has been widely explored as electrode
materials in the fields of ECs [11-14]. However, during the pre-
paring process of graphene, the raw material graphene oxide
(GO) sheets would easily get agglomerated, which would lead
to the decrease of the SSA, thus exhibit much lower capaci-
tance than the intrinsic capacitance of graphene. In order to
improve the capacitance of graphene-based ECs, many meth-
ods have been reported, including the introduction of fillers or
dopants to graphene, such as transition metal oxides [15-18],
conducting polymers [19,20] carbon nanotubes [21-23] and
heteroatoms [24], which would prevent the restacking of
graphene sheets as well as increase the entire capacitance
due to the additional redox-active functional groups.

Among various heteroatoms doping, N-doped graphene
(NG) has attracted much attention because nitrogen atom is
in a comparable size and contains five valence electrons avail-
able to form strong valence bonds with carbon atom [25]. So
plenty of functional nitrogen containing groups such as pyri-
dine and pyrrole, have been introduced into graphene [26-28].
Because the redox reactions of pyridine and pyrrole are
reversible, NG utilized as electrode materials not only shows
comparable capacitance to those of pseudo-capacitors but
also has the robust charging mechanisms of EDLCs which
would enhance the cycling stability [29].

Up to now, several methods have been employed to syn-
thesize NG. Chemical vapor deposition in the presence of
nitrogen containing precursors [30], arc discharge of graphite
electrodes in a Hy/pyridine or H,/NH; atmosphere [31], nitro-
gen plasma process [32], electrothermal reaction [33], and
thermal annealing of GO with urea [34], melamine [35], and
cyanmide [36] are reliable and straightforward methods to
fabricate NG. However, these processes suffer from rigorous
conditions and sophisticated equipments, and sometimes to-
gether with low product yield and high cost. Recently, it has
been found that hydrothermal or solvothermal reaction has
the merits of mild conditions, scale-up synthesis and a high
N-doped level. Through this approach, urea [37], pyrrole [38],
organic amine [39], hexamethylenetetramine [40] have been
studied for use as the nitrogen source for NG. Above all the re-
ported methods, with the single-N precursors as the dopants,
would generate four forms of nitrogen in NG, which are pyrid-
inic-N, pyrrolic-N, quaternary-N and pyridine-N-oxide.

In this study, NG hydrogel has been prepared through an
effective one-step solvothermal reaction by using o-phenyl-
enediamine (OPD) as a double-N precursor. To the best of
our knowledge, there have been no reports about doping
graphene using OPD as a double-N source, meanwhile with
the solvothermal reaction. During the preparation process,
not only the benzimidazole-N (pyrrolic-N) was formed, a
new form of doping nitrogen, phenazine-N in the graphene
lattice was also produced because of the double —NH, in
OPD reactant (Fig. 1). Thus we can call the form as double-
N, which means that there are two nitrogen atoms in each

precursor molecule and the doping process was achieved in
the form of doping two nitrogen atoms in one benzene ring
of graphene. The advantages of double-N doped graphene
are obvious as follows. Firstly, high nitrogen level in NG can
be achieved. Secondly, in the electrochemical process, the
benzimidazole-N could offer high capacitance through the
Faradaic redox reactions [41], and at the same time, the charg-
ing mechanisms of EDLCs and the excellent cycling stability
were reserved. More importantly, the formation of the phen-
azine structure makes double nitrogen atoms exist in the
same hexagon skeleton of benzene ring at the edge of graph-
ene, which can not only enhance the cycling stability of sup-
ercapacitors, but also improve the electronic conductivity of
the materials because of the n—-n conjugated system between
graphene and the electron-rich nitrogen. Therefore, the sup-
ercapacitors based on our NG materials possess the dual
advantages of pseudo-capacitors and EDLCs. With its stable
structure, high nitrogen content and outstanding electronic
conductivity, supercapacitors based on NG materials exhibit
excellent electrochemical performance including high spe-
cific capacitance, good rate performance and long cycling life,
implying the great potential of this material for high-perfor-
mance energy storage devices.

2. Experimental

2.1.  Materials synthesis

GO was synthesized by oxidation of natural graphite powder
(average particle size of 20 um, Qingdao Huarun Graphite
Co., Ltd.) using a modified Hummers method as we described
elsewhere [42]. NG with high nitrogen content was synthe-
sized through a one-step solvothermal process using OPD
(Heowns Biochem Technologies LLC) as the chemical dopant
in the presence of GO aqueous dispersion. Typically, GO
(160 mg) and OPD (400 mg) were dispersed in deionized water
(40 ml) and ethanol (40 ml) by ultrasonication, respectively.
Then, the OPD solution was added into the GO solution and
the mixture was ultrasonicated for 30 min. The solution was
then sealed in a 100 ml Teflon-lined autoclave and heated
up to 180°C and maintained at this temperature for 12 h.
The autoclave was then naturally cooled to room tempera-
ture. A hydrogel column was obtained from this process.
The hydrogel was dispersed in ethanol with magnetic stirring,
then filtrated and thoroughly washed several times with eth-
anol and acetone. Finally, the collected sample was dried in a
vacuum oven at 120 °C for 12 h. For comparison, reduced GO
(RG) was also prepared under the same experimental param-
eters but without adding the OPD into the GO aqueous disper-
sion. The adsorption product of RG and OPD (RG/OPD) was
prepared through immerging the RG hydrogel into the OPD
solution (100 mg OPD was add to 10 ml ethanol and 10 ml
water mixture) for 48 h and then was dried by the above
method.

2.2. Characterization

The structure and morphology of the products were investi-
gated by a field emission scanning electron microscopy (FE-
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Fig. 1 - Scheme of the possible formation mechanism of the solvothermal reaction of GO and OPD.

SEM, LEO 1530 VP) with an acceleration voltage of 10 kV, high
resolution transmission electron microscopy (HR-TEM, JEOL
TEM-2100) with an acceleration voltage of 200 kV and atomic
force microscopy (AFM, Nanoscope Illa Multimode 8, Bruker,
operating in ScanAsyst mode) measurements. Raman scatter-
ing was performed on a Renishaw inVia Raman spectrometer
using laser excitation at 514.5 nm. Fourier transform infrared
(FT-IR) spectra were recorded on a Bruker Tensor 27 spectrom-
eter (Germany). Ultraviolet and visible (UV-vis) spectra were
measured with a JASCO V-570 spectrometer. X-ray photoelec-
tron spectroscopy (XPS) analysis was obtained using AXIS HIS
165 spectrometer (Kratos Analytical) with a monochroma-
tized Al Ko X-ray source (1486.71 eV photons) to analyze the
chemical composition of the materials. Elemental analysis
was carried out at Vario Micro cube, (Elementar, Germany)
for determination of the C, H, N and O content. Thermogravi-
metric analysis (TGA) was done by a Thermogravimetric ana-
lyzer (Mettler Toledo, TGA/DSC1) at a heating rate of
10 °C min~* under argon flow.

2.3.  Fabrication of supercapacitors

The supercapacitor test cells were fabricated by a symmetri-
cal two-electrode system with NG and RG materials following
the recommended industry standard methods [43,44]. The
electrode materials were prepared by mixing NG or RG, car-
bon black (Super P, Timcal) and polytetrafluoroethylene (PTFE,
solid powder, Dupont) at the weight ratio of 85:5:10. The mix-
ture was homogenized in an agate mortar, then was rolled
into 80-100 um thickness sheets and punched into 13 mm
diameter. A single typical electrode had a weight between
5.0 and 7.0 mg after dried at 120 °C for 6 h under vacuum.
Then two identical (by weight) electrodes were pressed on a
Ni foam (@ = 13 mm) current collector and separated by a cel-
lulose film as separator and were sandwiched in a stainless
steel plate using 6 M KOH aqueous electrolyte.

2.4. Electrochemical measurements

The electrochemical performance and capacitance measure-
ments of above supercapacitors were studied by cyclic vol-
tammetry (CV), galvanostatic charge/discharge and
electrochemical impedance spectroscopy (EIS) measure-
ments. The CV curves were performed at different scan rates
varying from 10 to 100 mV s™* at potentials between 0 and
1.0V with a LK98B II microcomputer-based electro-chemical
analyzer (LANLIKE). The galvanostatic charge/discharge was
carried out with a supercapacitor tester (Arbin MSTAT, USA).
Impedance spectroscopies were measured in the range of
from 100kHz to 10 mHz using Autolab (Metrohm). All the
electrochemical tests were carried out at room temperature.

The gravimetric specific capacitance, Csy (F g7%), was calcu-
lated from galvanostatic charge/discharge test according to
the formula Cg, = #I/dt, where I is the constant current, m is
the mass of carbon in each electrode, and dV/dt is calculated
from the slope obtained by fitting a straight line to the dis-
charge curve over the range of V (the voltage at the beginning
of discharge) to 2 V.

The electronic conductivities of NG and RG were tested in
an indirect way as following method. Typically, the material
was mixed with 4 wt.% PTFE as a binder, and homogenized
in an agate mortar. Then it was rolled into 10-20 pm thickness
sheets and cut into 3"1 cm? and pressed at 10 MPa for 10s.
Then it was covered with the copper foil on both sides and
tested using a multimeter. The electronic conductivity of
the film was calculated using the formula 2=L/R,-W-d,
where X is the electronic conductivity of sample, L, W, d is
the length, width and thickness of the sheet and R, is the
resistance of the sheet tested by the multimeter.

3. Results and discussion
3.1.  Morphology and structure characterization

Optical photographs and the SEM images of the materials are
shown in Fig. 2. Fig. 2a indicates that the typical product is in
a form of strong self-assembled hydrogel column with a
diameter about 2 cm and a height of 4 cm. The hydrogel col-
umn is two times volume of that formed from normal OPD-
free GO suspension under the same condition (inset of
Fig. 2a), which can be explained that the existence of OPD will
effectively prevent the self-stacked behavior of GO during the
hydrothermal process, and accordingly help to form large vol-
ume of three-dimentional (3D) graphene [38]. The SEM images
of RG and NG are shown in Fig. 2b and c, respectively. Com-
pared with RG, NG exhibits interconnected 3D porous struc-
ture, indicating the effectiveness of OPD for the prevention
of restacking of graphene sheets. Nevertheless, the RG are
partly aggregated due to the n-n stacking among individual
graphene sheets. In order to study the distribution of nitrogen
in NG, the elemental mapping was performed. The nitrogen
mapping image (Fig. 2f), in accordance with carbon’s
(Fig. 2e), actually reflects the morphology of the selective area
in Fig. 2d. The result confirms that the nitrogen atoms are
uniformly distributed in the framework of graphene.

Fig. 3 shows the TEM images of GO, RG and NG. It can be
clearly seen that the GO exhibits a typical exfoliated nano-
structure with a rather flat and smooth flake-like morphology
with several layers stacked. Compared with GO, the RG and
NG sheets are randomly aggregated, thin and crumpled, inter-
connected with each other, resembling rippled silk waves [41],
which could be attributed to the hydrothermal process [45].
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Fig. 2 - (a) Optical photograph of the hydrogel column of NG, inset is the comparison graphs of RG (left) and NG (right); (b) SEM
image of RG; (c, d) SEM images of NG; (e, f) Carbon and nitrogen mapping images of NG for (d).

£

Fig. 3 - TEM images of (a) GO; (b) RG; (c) NG.

Furthermore, the ripples of NG are slightly deeper than RG’s,
which may originate from the heteroatoms or defects re-
mained in the plane of grapheme [45,46]. These relatively dee-
per crumpled structures of NG may easily form a 3D
conducting network for fast electron transfer between the ac-
tive electrode materials and the current collector [41] and
thus would contribute to improve the electrochemical
performance.

Raman spectra offer clear evidence of N-doping in the
graphene lattice. As shown in Fig. 4a, the G peaks of RG and
NG appear at 1597 and 1591 cm ™, respectively. The downshift
of the G peak from RG to NG, and the Ip/I; ratio increase from
0.86 for RG to 0.99 for NG both indicate that nitrogen atoms
have been doped into graphene, which are consistent with
previous reports in the literatures [34,47]. In addition, the
peak at 1518 cm ™! emerging as a shoulder of G band at a lower
frequency is considered to be the Raman feature induced
from phenazine structure in NG [48]. The chemical structure
of NG was further investigated by FT-IR spectroscopy. As
shown in Fig. 4b, the carbonyl stretching mode of carboxyl
groups at 1724 cm™' and the breathing vibration mode of

the epoxy groups at 1201 cm™" are observed in RG [40]. How-
ever, in the spectrum of NG, the peaks at 1724 and
1201 cm™" disappear, which may be explained that in the
presence of OPD, the oxygen containing functional groups
in GO would react with the —NH, in OPD to generate other
covalent bonds. Furthermore, the new peaks at 1636, 1566,
1194 and 747 cm ™! appear. The peaks at 1636 and 1566 cm™*
are attributed to the skeletal stretching vibration mode of
quinoid and benzoid rings in phenazine [49]. The peak at
1194 cm™! and the other one at 747 cm ™! in the fingerprint
spectrum region also can be assigned to the characteristic
peaks of phenazine [48]. For comparison, the IR spectrum of
the simple adsorption products of RG hydrogel and OPD
(RG/OPD) was provided. The difference between NG and RG/
OPD is very obvious. Firstly the carboxyl group peak does
not disappear but shifts down to 1707 from 1724 cm %, which
shows that the hydrogen bond, not the covalent bond, was
formed between —COOH and —NH,. Then the epoxy groups’
peak at about 1200 cm ™' show hardly any change. Further-
more, the skeletal stretching vibration mode of quinoid rings
of phenazine doesn’t exist in GO/OPD. It is worth to note that
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Fig. 4 - (a) Raman, (b) IR, (c) UV-vis spectra and (d) TGA of NG and RG.

the peaks at 1492 and 746 cm ™! are attributed to the skeletal
vibration mode of benzene rings and the bending vibration
mode of C-H in 1,2-subtituded benzene rings, respectively.
The IR characterizations demonstrate that the phenazine
structure in NG has been actually formed in the hydrothermal
process. The UV-vis spectra are shown in Fig. 4c, where the
absorption peaks of RG and NG appear at 265 and 274 nm,
respectively. The red-shift of the peak from RG to NG can be
attributed to the electron-donating capability of nitrogen het-
eroatom. All of the spectrum characteristics of Raman, FT-IR
and UV-vis confirm that the nitrogen containing covalent
bonds between graphene and OPD are formed in the solvo-
thermal process and there exist the phenazine structures.
The thermostabilities of NG and RG were also studied by
TGA. As shown in Fig. 4d, RG shows 35 wt.% mass loss at
the temperature of up to 950 °C due to the decomposition of
the oxygen containing groups, which partially remained in
the solvothermal process. However, compared to RG, NG
shows only 19 wt.% weight loss, which is significantly smaller
than RG. The TGA results indicate a higher thermal stability
of NG than RG, which could be attributed to the formation
of plenty of nitrogen containing functional groups in NG,
especially the phenazine structures, which are more stable
than the oxygen containing ones in RG.

The content of nitrogen in NG was determined by elemen-
tal analysis and it reaches 7.7 atom%. The elemental compo-
sition of NG was further -characterized using XPS
measurements, shown in Fig. 5. The spectrum of NG
(Fig. 5a) shows a nitrogen component (399 eV) in addition to
the carbon (284 eV) and oxygen species (532 eV), while only

carbon and oxygen species were detected for GO. The high
resolution C1s spectra of original GO (Fig. 5b) consists of three
peaks arising from C-C (284.6 eV), C-O (286.7 eV) and O-C=0
(288.4 eV). After the solvothermal reaction, an additional type
of carbon at about 285.6 eV is observed (Fig. 5c), which origi-
nates from C-N [41]. According to the high resolution Nis
spectra of NG (Fig. 5d), mainly two kinds of nitrogen were
doped. The peak at 398.8 eV is attributed to the —N= bond
in phenazine [50] and the peak at 399.8 eV can be ascribed
to the —NH- bond in benzimidazole groups [51]. This also
confirms that the types of nitrogen in NG are phenazine-N
and benzimidazole-N. Accompany with the appearance of
phenazine-N, the structure of the double-N atoms in the
same hexagon of the graphene skeleton is formed and this
is the meaning of double-N doped. One of the functions of
phenazine-N is that it could enhance the electronic conduc-
tivity of graphene in comparison with the non doped ones.
This can be confirmed by the measurements of intrinsic elec-
tronic conductivity of NG and RG, which shows 5.46 Sm™" for
NG and 0.48 S m™* for RG. The inherent higher electronic con-
ductivity of NG could also make contribution for a good elec-
trochemical performance for its supercapacitors.

3.2.  Electrochemical performance characterization

Two-electrode test cell configuration was used as an accurate
and recommended method to measure the obtained materi-
als’ supercapacitor performance. The performances of NG-
and RG-based supercapacitor (named NGSC and RGSC,
respectively) were analyzed using CV, galvanostatic charge/
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discharge and EIS. Fig. 6a presents the CV curves of RGSC and
NGSC in 6 M KOH aqueous electrolyte at the scan rate of
10 mV s~! and near rectangular voltammetry characteristics
could be observed. Obviously, NGSC exhibits a much higher
capacitive response than RGSC, indicating that nitrogen dop-
ing enhances the electrochemical activity of grapheme mate-
rials. Notably, the CV curve of NGSC shows the Faradic redox
peaks, which are at ~0.35V of anodic scan and ~0.25V of
cathodic scan respectively, corresponding to the redox reac-
tions of electrochemically active functional groups on the sur-
face of electrode. These results demonstrate that the
capacitive response of NGSC is from the combination of EDLC
and pseudo-capacitance [37]. The specific capacitance (Cgp) of
the electrode materials were calculated from galvanostatic
discharge curves (Fig. 6b). The Cs, value for NG is 301Fg*
at a current density of 0.1 A g”%, which is significantly larger
than that of the compared RG materials (210Fg™! at
0.1 A g™ and also much higher than that of other reported
NG materials [40,47]. The capacitive response of NG would
be from the combination of redox reactions of benzimidazole
and the electrochemical double-layer capacitance. Further-
more, the Cg, value of NG still remains as high as 214 F g’1
even at a high current density of 10 A g%, indicating an excel-
lent rate capability of the NGSC. The charge/transfer resis-
tance and ion diffusion performance were obtained by EIS
measurements at a frequency range of 100 kHz-10 mHz.
Fig. 6d shows the Nyquist plots for NGSC and RGSC. In the
low-frequency region, both NGSC and RGSC plots present an
oblique line, suggesting that the electrode process is under
diffusion control. And the slope of the plot for NGSC is steeper
than RGSC’s, indicating that the formation rate of the electric
double layers of NGSC is higher and it is easier to form the
ideal EDLC than RGSC [52]. The slope of the 45° portion of
the curve in the high frequency range called the Warburg
resistance implies the frequency dependence of ion diffusion
in the electrolyte. The Warburg curve of NGSC is shorter than
RGSC’s, indicating the shorter ion diffusion path for NGSC [7].
In the high-frequency region, NGSC exhibits a smaller semi-
circle than RGSC and the equivalent series resistance of NGSC
is extremely small (0.068 Q), indicating the lower charge-

Table 1 — Garbon, hydrogen, nitrogen and oxygen contents
(wt.%) in RG and NG from elementary analysis.

Sample C (wt.%) H (wt.%) N (wt.%) O (wt.%)
RG 73.6 1.7 0 247
NG 80.4 2.0 7.2 10.4

transfer resistance and an excellent electronic conductivity
[37]. In short, the desirable excellent supercapacitor perfor-
mance of NGSC can be attributed to the high nitrogen level
and suitable nitrogen types, which can offer pseudo-capaci-
tance and excellent electronic conductivity.

The cycling stabilities of NGSC and RGSC were also eval-
uated using the galvanostatic charge/discharge technique at
a current density of 1Ag ' (Fig. 7). The NGSC maintains
around 97.1% (coulombic efficiency # =99.2%) of their corre-
sponding initial specific capacity after 4000 cycles. In con-
trast, RGSC retains only about 79.6% (3=99.0%). The
difference of stabilities of NGSC and RGSC could be caused
by different internal structure of the two kinds of active
electrode materials. In order to further illustrate the supe-
rior cycling stability of NG, the elemental analysis of RG
and NG has been performed, and the percentage mass con-
tents of the elements are shown in Table 1. In RG, the O
content reaches up to 24.7%, which means that the large
amount of oxygen containing functional groups would cause
irreversible redox reactions during the electrochemical cy-
cling process and thus reduce the cycling stability. Corre-
spondingly, in NG, the O content has decreased to be only
10.4% and the oxygen containing functional groups is re-
duced, as most of them were replaced in the doping process
by the nitrogen ones, such as benzimidazole-N and phena-
zine-N. Therefore, with the reversible reactions of benzimid-
azole-N [25] and excellent electronic conductivity of
phenazine-N, our NG materials have a much improved elec-
trochemical stability and a higher degree of reversibility.

4, Conclusion

We have demonstrated an efficient route to prepare NG mate-
rials through a one-step solvothermal reaction using OPD as
the double-N dopant. The benzimidazole-N and phenazine-
N structures formed in the doping process. Because of their
high nitrogen level, appropriate nitrogen species and excel-
lent electronic conductivity, the NG materials display a high
specific capacitance up to 301 F g * in addition to maintaining
excellent rate capability and cycling stability. Therefore, our
NG materials could be applied for high-performance
supercapacitors.
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