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H I G H L I G H T S

• N-doped graphene with 3D porous
architecture was successfully pre-
pared.

• The electrode delivered high specific
capacitance and excellent cycling sta-
bility.

• The symmetrical supercapacitor
achieved a remarkable energy and
power density.
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A B S T R A C T

The development of high-performance supercapacitors (SCs) often faces some contradictory and competing
requirements such as excellent rate capability, long cycling life, and high energy density. One effective strategy
is to explore electrode materials of high capacitance, electrode architectures of fast charge and mass transfer, and
electrolytes of wide voltage window. Here we report a facile and readily scalable strategy to produce high-
performance N-doped graphene with a high specific capacitance (∼390 F g−1). A symmetric SC device with a
wide voltage window of 3.5 V is also successfully fabricated based on the N-doped graphene electrode. More
importantly, the as-assembled symmetric SC delivers a high energy density of 55Wh kg−1 at a power density of
1800W kg−1 while maintaining superior cycling life (retaining 96.6% of the initial capacitance after 20,000
cycles). Even at a power density as high as 8800Wkg−1, it still retains an energy density of 29Wh kg−1, higher
than those of previously reported graphene-based symmetric SCs.

1. Introduction

Graphene has attracted worldwide attention due to its unique
electronic, thermal, mechanical, and catalytic properties [1–3]. It has

been widely used as electrode materials for energy storage and con-
version (e.g., supercapacitors, batteries, and fuel cells) [4–7]. The high
specific surface area (∼2630m2 g−1 for single sheet graphene) and its
exceptional electronic properties make it appealing for supercapacitor
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applications [8,9]. In principle, a supercapacitor based on graphene is
capable of achieving a theoretical capacitance as high as 550 F g−1

(originated from electrochemical double layer) provided that the sur-
face area is fully utilized [10,11]. However, the practical performance
of graphene-based electrodes is far below the ideal one due to various
reasons. For example, the strong Van der Waals interactions between
adjacent graphene sheets greatly increase the tendency of re-stacking or
aggregation of graphene sheets during fabrication processes, leading to
reduced specific surface area, increased resistance to ions transport, and
decreased number of active sites accessible to reactants [12–14].

Recently, numerous studies have shown that the electrochemical
properties of graphene can be readily modified by doping [4]. Sub-
stitution of carbon atom by heteroatoms, particularly nitrogen, can
effectively modulate its electronic characteristics, surface catalytic
properties, and local chemical features, thus greatly enhancing the
functionality and performances [15–17]. Moreover, doping graphene
with nitrogen can not only improve the wettability and the accessibility
of the active surface area to the electrolyte solution, but also enhance
the electrical conductivity by enriching the free charge-carrier density
[18]. To date, various routes have been developed to prepare N-doped
graphene materials, including thermal treatment, solvothermal and
superdoping methods [9,18–23]. However, all these approaches re-
quired high temperatures and were time-consuming. The fabricated
supercapacitors (SCs), based on N-doped graphene electrodes, exhibit
relatively low energy density, which hinders their large-scale practical
applications [19–24]. Therefore, it is still a challenge to develop a
simple, low-cost, and green method to produce high-quality N-doped
graphene materials for SCs with high energy density, high power den-
sity, and long cycle life [25,26].

In this work, we focused on the development of high-performance
symmetrical SC devices based on N-doped graphene electrodes. The
electrochemical potential window of the devices is critical to achieving
high energy density and power density for SCs. While the ionic liquid
has a great advantage in obtaining wider operation potential windows,
it also has high electrochemical stability. Here we report our findings in
design and fabrication of a symmetrical SC device with a maximum
operating voltage of 3.5 V using BMIMBF4 as the electrolyte. The device
demonstrated high energy density (55Wh kg−1) and excellent cycling
stability (96.6% capacitance retention after 20,000 cycles), attributed
primarily to the unique N-doped graphene electrode material
(390 F g−1 at 1 A g−1). The N-rGO material reduces the tendency for
restacking of graphene sheets and creates 3-D porous structures com-
posed of graphene sheets with interconnected open pores, thus pro-
viding an effective pathway for charge transport and high density of
active sites for efficient ion adsorption/desorption. Furthermore, one
such a SC device was used to power 4 commercial LEDs, demonstrating
its potential application in energy storage systems.

2. Experimental section

2.1. Preparation of N-modified rGO and rGO samples

Graphene oxide (GO) was prepared from pristine graphite flakes
using an improved Hummers' method [19]. The GO (100mg) was dis-
persed in deionized water (37.5mL) with continuous ultrasonicating for
2 h, which was then transferred into a 50mL Teflon-lined stainless
autoclave, followed by adding 2.5 g of hydrazine hydrate (N2H4·H2O)
with continuous stirring for 30min. Finally, the autoclave was sealed
and maintained at 160 °C for 3 h. After cooling to room temperature
naturally, the sample was rinsed with deionized water to make the
pH=7 and allowed to dry by freeze-drying. For comparison, the rGO
sample was also prepared using the same procedure without the addi-
tion of hydrazine monohydrate.

2.2. Characterization

The phase structures of the samples were examined using X-ray
diffraction (XRD) analysis (PAN'Alytical X'Pert Alpha 1, using Cu K-α1
X-rays). The microstructure and morphology of the products were ob-
served using a scanning electron microscope (LEO 1530 field emission
SEM) and a high resolution transmission electron microscope (JEOL
JEM-2010HR, Japan). The electronic states of surface elements were
characterized using X-ray photoelectron spectroscopy (Thermo K-Alpha
XPS, Thermo Fisher Scientific). The nitrogen adsorption–desorption
isotherm measurement of the samples was performed using a
Micromeritics ASAP 2020 analyzer. The specific surface area was ob-
tained by the Brunauer-Emmett-Teller (BET) method. Raman spectra
were obtained using a Renishaw RM 1000 spectromicroscopy system
(∼2 μm spot size) equipped with a 20×objective optical microscope.

2.3. Electrochemical measurement

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
tests were carried out using on a cell with a three-electrode config-
uration. The working electrode was composed of the active electrode
material and a binder (PTFE) at a weight ratio of 9:1 (ethanol was used
to form a uniform film). The typical areal mass loading of the active
electrode material was approximately 2mg cm−2. The film electrode
was then pressed between two nickel foams, and dried at 80 °C in va-
cuum for 12 h. A platinum mesh and a Ag/AgCl electrode (prefilled
with 4M KCl aqueous solution saturated with AgCl) were used as the
counter and the reference electrodes, respectively. The electrochemical
measurements of the supercapacitor were carried out to evaluate the N-
doped graphene films for practical application in symmetric coin cells
using two-electrode system in BMIMBF4 electrolyte. Cyclic voltammo-
grams were recorded on a Solartron electrochemical workstation
(Solartron SI 1287 electrochemical interface). The galvanostatic
charge/discharge measurements were performed using an Arbin testing
system (BT-2143) at room temperature.

3. Results and discussion

The fabrication process for N-doped rGO (N-rGO) is schematically
illustrated in Fig. 1. The structural features of the as-prepared N-rGO
were characterized using XRD, Raman spectroscopy, XPS, and physical
adsorption. As shown in Fig. 2a, all XRD patterns show two broad
diffraction peaks at 26.3° and 43.3°, corresponding to (002) and (100)
reflection, respectively. These results indicates that the pristine GO was
successfully exfoliated into disordered and loosely packed graphene
[27,28]. In the Raman spectra shown in Fig. 2b, the characteristic D-
band (1326 cm−1) and G-band (1585 cm−1) were observed for the rGO
and N-rGO. The intensity ratio of D-band to G-band (ID/IG) is an in-
dication of the disorder degree of the graphene [4]. The value of ID/IG is
1.02 and 1.12 for rGO and N-rGO, respectively, suggesting that more
defects were created by the nitrogen doping.

XPS was used to further examine the chemical composition of the
prepared N-rGO sample. As shown in Fig. 2c, the XPS spectra for N-rGO
exhibits a pronounced N1s peak located at 400.0 eV, indicating that
nitrogen was successfully doped into the materials. The high-resolution

Fig. 1. Schematic diagram of preparing N-doped graphene material.
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N1s spectrum (Fig. 2d) can be deconvoluted into four peaks centered at
398.3, 400.0, 401.2, and 404.9 eV, corresponding to the N-6 (pyridinic
N), N-5 (pyrrolic N), N-Q (graphitic N), and N-O (oxidized N), respec-
tively [22,29]. The significance of introducing N is that N-6 could lead
to great pseudocapacitance effect and improve the conductivity, re-
sulting in enhanced capacitive performance [4]. As shown in the
schematic in Fig. 2e, N-6 indicates the doping where a nitrogen atom
substitutes for a carbon atom in a hexagon, whereas N-5 represents the
nitrogen atoms in a five-membered ring and thus contributing two
electrons to the π-system [30,31]. N-Q is formed by substituting a
carbon atom in a complete 2D honeycomb lattice. Moreover, N-6 and N-
Q bond with two and three sp2 C atoms, respectively, can contribute
one pair of electrons to the conductive π-system [18]. Both of them can
introduce one more electron to the π-system, which can be expected to
greatly enhance the conductivity of rGO sheets [32,33]. More im-
portantly, the high-level of the distributed N atoms can provide the N-
rGO electrodes with both high density active sites and good wettability
[18]. Besides, the N-Q groups can promote its interaction with the
anions in the electrolyte and the formation of the electrical double
layer, which can enhance the capacitance of SCs [32,34]. Therefore,
this N-doped graphene material is expected to be a good candidate for

high-performance SC electrodes. Nitrogen adsorption-desorption iso-
therms were used to provide more information on the porous structure
of the functionalized graphene [5]. As shown in Fig. 2f, the N-rGO
sample shows a large specific surface area of 203m2 g−1, which is
much higher than that of the rGO sample (111m2 g−1). Moreover, the
pore size distribution (Fig. S1) of N-rGO (5–9 nm) is wider than that of
rGO (7–9 nm), and the higher pore volume of N-rGO relative to rGO is
attributed to nitrogen doping, which reduces the agglomeration or re-
stacking of graphene sheets and creates 3-D porous structures consisting
of graphene sheets with interconnected open pores. The wide dis-
tribution of pore sizes is beneficial for energy storage where mesopores
supply fast ion/electron transport with shorter diffusion/transport path.

The morphology and structure of the as-prepared N-rGO and rGO
samples were also examined by SEM and TEM. It can be seen that N-
rGO sample displays an interconnected porous network structure with
wrinkles and curly edges (Fig. 3a and b). The interpenetrated network
structure built from the N-rGO sheets was also observed in the TEM
image (Fig. 3c), and the dark strips correspond to the folded edges or
wrinkles of the nanosheets. In contrast, the rGO sample shows dis-
ordered and overlapping morphology (Fig. S2a); meanwhile, ultra-thin
and flat graphene sheets are clearly visible in Fig. S2b. In addition, the

Fig. 2. (a) XRD patterns of rGO and N-rGO samples. (b) Raman spectra of rGO and N-rGO samples. (c) XPS spectra of N-rGO sample, and (d) N1s XPS spectra of N-
rGO. (e) Possible locations for N incorporation into a fewlayer carbon network. (f) The nitrogen adsorption-desorption isotherms of rGO and N-rGO samples.
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corresponding TEM elemental mapping (Fig. 3d) performed on N-rGO
shows that elemental C, N, and O are uniformly distributed, indicating
that the nitrogen element has been doped into graphene sheets with
high dispersion. Moreover, there is still small amount of oxygen in the
N-rGO, which may originated either from the oxygen combined with
nitrogen or from that doped into the carbon lattice which cannot be
reduced completely by the hydrothermal treatment [22].

The electrochemical performances of the N-rGO as an electrode
material for SCs were first investigated using cycle voltammetry (CV)
and galvanostatic charge-discharge (GCD) in a test cell with three
electrode configuration in 2.0 M KOH electrolyte. Fig. 4a displays the
CV curves of rGO and N-rGO electrodes at a scan rate of 5mV s−1. It is
obvious that N-doped graphene electrode exhibits much improved
electrochemical performance compared to rGO. Fig. 4b shows the CV
curves of N-rGO electrode at different scan rates in the potential range
from 0 to −1 V; all curves exhibit approximately rectangular shapes,
revealing the behavior of an electrical double-layer capacitor (EDLC).
The corresponding CV curves of the rGO electrode were also collected
and shown in Fig. S3a. Fig. 4c shows the representative GCD curves of
the N-rGO electrode measured at different current densities. The curves
display good symmetry and nearly linear discharge slopes, revealing the
feature of EDLC as well. Moreover, no obvious voltage drop was ob-
served, indicating relatively small internal resistance of the electrode.
The calculated specific capacitance as a function of the discharge cur-
rent density was plotted in Fig. 4d. It can be found that the specific
capacitance of N-rGO electrode reaches 390 F g−1 at a current density
of 1 A g−1, which is 70% higher than that of the rGO electrode
(207 F g−1). Even at a high current density of 20 A g−1, ∼61% of the
capacitance was still retained. To the best of our knowledge, the ob-
served electrochemical performances are far superior to those reported
for any N-doped carbon materials, including nitrogen/sulfur co-doped
and hierarchical porous graphene hydrogels (251 F g−1, 0.5 A g−1)
[35], N-doped graphene (312 F g−1, 0.1 A g−1) [4], p-phenylenedia-
mine functionalized rGO (231 F g−1, 0.5 A g−1) [36], butane-1,4-dia-
mine/rGO (208 F g−1, 1 A g−1) [5]. The excellent electrochemical
performance of the N-rGO electrode may be attributed to the following
reasons: (1) N-rGO electrode exhibits a large specific area that allows

efficient ion adsorption/desorption; (2) Nitrogen incorporation can
provide the N-rGO electrodes with high density active sites that pro-
motes the capacitance performance. (3) The N-rGO material reduces the
agglomeration level of graphene and creates few layer graphene sheets
with interconnected open pores, which provides an effective pathway
for charge transport. Moreover, the N-rGO electrode shows a lower
interfacial resistance and faster ion diffusion near the electrode/elec-
trolyte interface (Fig. S4).

To better illustrate the practical performance of N-rGO material, we
constructed a symmetrical supercapacitor using two pieces of N-rGO
with the same size and weight, tested in 1M BMIMBF4 electrolyte.
Fig. 5a shows the CV curves of the N-rGO SC device at different scan
rates within a potential window from 0 to 3.5 V. All CV curves retain
nearly rectangular shapes with slight variations even at a scan rate as
high as 200mV s−1, revealing excellent capacitive behavior of the N-
rGO electrode. The representative GCD curves of the device measured
at different current densities are shown in Fig. 5b. The discharge curves
and the corresponding charge curves are nearly symmetrical; the nearly
symmetrical triangular shape further implies excellent capacitive be-
havior of the SCs based on the N-rGO materials. The energy density and
power density are two important parameters for evaluating the elec-
trochemical behavior of the SCs [37,38]. As shown in the Ragone plot
(Fig. 5c), the supercapacitor can deliver a high energy density of
55W h kg−1 at a power density of 1.8 kW kg−1. Even at a high power
density of 8.8 kW kg−1, it still retained an energy density of
29W h kg−1. The obtained energy densities are much higher than those
of other previously reported symmetrical SCs based on similar electrode
materials or electrolyte, including Tris/rGO (51W h kg−1 at a power
density of 552W kg−1) [5], hierarchically porous carbon (32Wh kg−1

at a power density of 620W kg−1) [39], carbon-graphene/MOF
(30W h kg−1 at a power density of 137W kg−1) [40], and N-doped
graphene (27.4W h kg−1 at a power density of 400W kg−1) [41].

The long-term cycling performance of the SC device was evaluated
in a voltage window of 3.5 V at a current density of 10 A g−1 (Fig. 5d);
it still retained ∼96.6% of the initial capacitance after 20,000 cycles,
revealing its excellent cycling stability. Furthermore, one SC device can
power 4 commercial light-emitting diodes (LEDs) after being charged to

Fig. 3. (a,b) SEM images of N-rGO sample. (c) Low-magnification TEM image of N-rGO sample. (d) TEM-EDX mapping images of N-rGO sample.
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3.5 V (Fig. 5d, Inset), demonstrating its viability and potential in
practical applications (for detailed information, see corresponding
video in supporting information).

Supplementary video related to this article can be found at http://
dx.doi.org/10.1016/j.jpowsour.2018.03.055.

4. Conclusion

In summary, we have developed a simple and scalable process for
synthesis of N-doped graphene with outstanding performance. The re-
sults suggest that the nitrogen atoms doped into the structure have
effectively reduced the agglomeration of graphene sheets and created

Fig. 4. (a) CV curves of rGO and N-rGO electrodes at scan rate of 20mV s−1 (b) CV curves of N-rGO electrode at different scan rates. (c) GCD curves of N-rGO
electrode at different charging-discharging current densities. (d) The specific capacitance of as-synthesized rGO and N-rGO samples.

Fig. 5. (a) CV curves of N-rGO SC device at different scan rates. (b) GCD curves of N-rGO SC device at different charging-discharging current densities. (c) Ragone
plots of the N-rGO SC. (d) Cycling performance of the SC. Inset shows the optical photograph of 4 LEDs lighted by one SC.
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porous electrode structures composed of graphene sheets with inter-
connected open pores, greatly increasing the specific surface area of
electrode materials and accelerating the ion transport. Moreover, a
symmetrical SC device, constructed from N-rGO electrodes and
BMIMBF4 electrolyte, displayed a wide potential window (∼3.5 V),
high energy density (55Wh kg−1), and excellent cycling stability, de-
monstrating the viability and potential for energy storage applications.
We believe that this unique N-rGO electrode is applicable to other en-
ergy storage and conversion systems.
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