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a b s t r a c t

The utilization of ionic liquids as electrolyte is beneficial for realization of high energy density super-
capacitors due to their high operation voltage. Nevertheless, ionic liquids electrolytes suffer from slug-
gish ion diffusion and poor wetting behavior on porous electrodes as a result of large ion sizes and high
viscosity, which has severely hindered their practical use. Herein, highly sp2 hybridized and nitrogen,
oxygen dual-doped nanoporous carbon networks were prepared based on charge-induced self-assembly
strategy using chitosan as carbon precursor with reduced graphene oxide (GO) in between as conductive
scaffolds. The optimized material as supercapacitor electrodes exhibits an outstanding specific capaci-
tance of 201 F g�1 in 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) electrolyte at 0.5 A g�1

with a maximum energy density of 111 Wh kg�1, superior to numerous reported values, which are
attributed to multiple synergistic effects of several beneficial characteristics, that is, excellent conduc-
tivity deduced from highly sp2 hybridized carbon originated from carbonized chitosan and graphene
conductive scaffolds being in favor of rate performance and cyclic stability, nitrogen and oxygen func-
tionalization improving the surface wettability with electrolyte as well as contributing to the capaci-
tance, large specific surface areas providing abundant active sites to boost charge capacity, and sheet-like
structures effectively shortening diffusion pathways to improve ion transports.

© 2017 Published by Elsevier Inc.
1. Introduction

Owing to the accelerating consumption of global energy re-
sources and the negative impact of fossil-based energy sources on
the environment, the research on sustainable energy storage
technologies has drawn great attentions. Supercapacitors with fast
charging-discharging ability, long cycling life, good reversibility
and low maintenance cost have been widely employed as effective
substitutions to back-up power devices, hybrid electric vehicles,
and many other renewable energy systems [1,2]. However, in
contrast to batteries, supercapacitors have low energy density
(~5 Wh kg�1), which has largely impeded its development and
practical applications [3]. Accordingly, tremendous efforts are
devoted to promote the specific energy density by enhancing the
specific capacitance of electrode materials and/or increasing the
operating potential windows relying on the equation E ¼ 1/2 CV2
[4,5]. Ionic liquids (IL) appear to be an attractive alternative elec-
trolyte that provides potential windows in the range of 3e5 V
[6e9]. However, ionic liquids often suffer from sluggish ion diffu-
sion and poor wetting behavior on porous electrodes resulting from
their large ion sizes and high viscosity, compared with organic or
aqueous electrolytes [9] [10].

To address these challenges, the key is to rationally design high-
capacitance electrode materials with outstanding pore accessibility
and surface compatibility by the ionic liquid electrolyte. So far, it
has been widely demonstrated that sheet-like nanocarbons are
promising candidates as supercapacitor electrodes materials
because of their shorter ion transport pathways and richer interface
active sites compared with those of traditional particle-like acti-
vated carbons [11,12]. Moreover, the strategy to interconnect sheet-
like materials into a cross-linked three-dimensional (3D) network
can enhance the structural stability and minimize the transport
resistance, thus which can overcome the poor rate capability
resulting from the ion-transport kinetics issues [13e15]. Further-
more, sp2 hybridized carbonmaterials such as graphene and carbon
nanotubes have been proved to possess excellent conductivity,
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which is also beneficial to improve the rate capability and power
density [16e19]. Additionally, heteroatom doping is an effective
way to tailor the surface and electronic characteristics of carbon
and accordingly tune the capacitive behavior of electrode. For
instance, nitrogen-sites at the carbon surface not only improve the
electrical conductivity and increase the surface wettability with
electrolytes, but also facilitate charge transfer across the electrode/
electrolyte interface [20,21]. Such redox-sites contribute signifi-
cantly to the energy storage mechanism by enabling access to
reversible faradaic reactions and possibly pseudocapacitance [22].
Besides, the introduction of oxygen functional groups to carbon
structure can provide surface action sites, which has been
confirmed that the residual hydroxyl groups in graphene were
transferred to EMIMþ during the process of charging, contributing
to the device capacitance [23]. It is believable that the multiple
synergistic effects of the above-mentioned features will boost the
related performance of carbonaceous materials in energy storage
applications.

In this report, we demonstrated a facile route to prepare highly
sp2 hybridized and nitrogen, oxygen dual-doped nanoporous car-
bon network via an efficient solution process using chitosan as
carbon precursor with reduced graphene oxides in between as
conductive scaffolds by means of electrostatic attraction, followed
by carbonization. The obtained carbon materials presented
considerable supercapacitive performances in an ionic liquid of 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4), which
was not only closely related to the unique microstructure that
involved enhanced electronic conduction network, excellent elec-
trical conductivity and a high specific surface area, but also to
substantial interfacial interactions between the oxygenic functional
groups on the carbon electrodes and the ionic liquid electrolyte.

2. Experimental section

2.1. Sample preparation

All chemicals were of analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as
received without further purification.

2.2. Preparation of highly sp2 hybridized and nitrogen, oxygen
dual-doped nanoporous carbon networks

The graphene oxide (GO) colloidal suspension (1 mg mL�1) was
prepared via ultrasonication of GO made by a modified Hummers'
method in deionizedwater. In a typical synthesis procedure, 2.5 g of
chitosan (CS) powder was first dissolved in 80 mL of deionized
water, 2 mL of acetic acid solution was dropped into the system
with vigorous stirring until a transparent chitosan solution was
obtained. Afterwards, block copolymer F127 (1.0 g) dispersed in
deionized water was added to the above solution. This mixture was
directly transferred to the graphene oxide colloidal suspension,
followed by sonication resulting in well-dispersed colloidal sus-
pension. Subsequently, the homogeneous mixed suspension was
placed in a Teflon lined autoclave, and treated by a hydrothermal
process in a drying oven (180 �C) for 12 h. After cooling and
washing followed by freeze drying, the product (GO/CS) was ob-
tained. Finally, carbonization was carried out in a tubular furnace
under flowing N2 first at 400 �C with a retention of 60min and then
to 850 �C. When 850 �C was reached, a flow of water (0.05 mL/min)
introduced by a peristaltic pump which vaporized immediately
came into the furnace to activate the sample for 30 min. The ob-
tained sample recorded as CS-1 where 1 denoted as the percentage
ratio of GO to CS. By varying the percentage ratio of GO to CS as 2
and 3, another two samples were prepared and denoted as CS-2
and CS-3. As a control experiment, one sample (denoted as CS-0)
was also prepared without using GO and keeping other proced-
ures same as CS-1.

2.3. Structure characterization

Thermogravimetric analysis wasmade using a STA449 F3 Jupiter
thermogravimetric analyzer (NETZSCH). Raman spectra were taken
using a Raman spectrometer with a 532 nm laser excitation (DXR
Smart Raman). Scanning electron microscopy (SEM) images were
obtained on a Hitachi S-4800 instrument. Transmission electron
microscopy (TEM) images were recorded on a FEI Technai F30
equipment operating at 200 kV. The samples for TEM analysis were
prepared by placing a droplet of the products in EtOH onto carbon-
coated copper grids and drying at room temperature. The X-ray
diffraction (XRD) patterns were obtained on a Rigaku D/Max 2400
diffractometer by using CuKa radiation (40 kV, 100 mA,
l ¼ 1.5406 Å). The specific surface area and porous structure were
determined by nitrogen sorption on a Micromeritics ASAP 2020
device at 77 K, and prior to analysis, all samples were degassed at
200 �C for 12 h. The Brunauer-Emmett-Teller (BET) method was
used to calculate the specific surface areas (SBET). Total pore vol-
umes (Vtotal) were calculated from the amount of nitrogen adsorbed
at a relative pressure, P/P0 of 0.99. The pore size distribution was
obtained using the Non-Local Density Functional Theory (NLDFT)
method. Elemental analysis was carried out on a CHNO elemental
analyzer (Vario EL III, Elementar). X-ray photoelectron spectroscopy
(XPS) data were obtained with an ESCALAB250 electron
spectrometer.

2.4. Electrochemical measurements

The symmetrical two-electrode supercapacitors were con-
structed to determine the capacitive performance of the carbon
materials. The working electrodes were prepared by mixing porous
carbons, conductive carbon black and polytetrafluoroethylene
(PTFE) binder with weight ratio of 8:1:1. The slurry of the mixture
was rolled into a film, followed by placing it on a foam nickel cur-
rent collector with an area of 1 cm2 to fabricate an electrode. The
mass loading of the active material of one electrode was approxi-
mately 3 mg cm�2. Two symmetrical electrodes separated by a
porous polymeric separator were sealed in a 2025 stainless steel
coin cell filledwith 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF4), which was finished inside an Ar-filled glovebox
(<1 ppm of H2O). The electrochemical performance was carried out
on CHI660D electrochemical workstation (CH Instruments Inc.,
Shanghai, China) at 25 �C. Cyclic voltammetry (CV) and galvano-
static charge-discharge cycling (GC) measurements were employed
in the evaluation of the electrode capacitive performance. Elec-
trochemical impedance spectroscopy measurements were carried
out in the range of 0.01 Hze100 kHzwith ac amplitude of 5mV. The
specific gravimetric capacitance based on the GC test was calcu-
lated using the following equation: C ¼ 4IDt=mDV; where I (A), t
(s), DV (V) and m (g) are the discharge current, the discharge time,
the voltage window from the end of the internal resistance (IR)
drop to the end of the discharge process, and the mass of active
material on two electrodes, respectively. The energy density, Ecell
(Wh kg�1), was calculated by Ecell ¼ CV2/2. The cycle life was
measured by a multichannel electrochemical workstation (Arbin
Instruments USA).

3. Results and discussion

Chitosan, poly(2-amino-2-deoxy-D- glucose), possesses a chain
structure with b(1e4) linkage [24]. When chitosanwas dissolved in
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acetic acid, the solubilization of chitosan occurred by the proton-
ation of -NH2 function whereby chitosan was positively charged
that allowed chitosan adsorbing tightly onto negatively charged GO
substrates. In addition, ketonic oxygen from the acetate molecule
can form a hydrogen bond with other chitosan molecules, which
assisted to form a planar network consisting of chitosan molecules
and acetate molecules. During the quick freezing and lyophilization
process, the surface tension of the chitosan solution forced the
chitosan molecules to arrange themselves into film structures that
connected together to form a network structure [25]. Besides, F127
served as pore-forming agents containing highly hydrophilic PEO
segment in the molecules participated in hydrogen bonding with
hydroxyl groups involved in chitosan and GO. All above mentioned
triggered the formation of an interpenetrating GO/CS composite. To
evaluate the pyrolysis behavior and the yield of precursors, TG tests
of CS and GO/CS composite (the precursor of CS-2) were measured
from room temperature to 850 �C under N2 atmosphere. As shown
in Fig. S1, a weight loss below 150 �C was attributed to the evapo-
ration of the adsorbed moisture or gas molecules, and a major
weight loss took place between 200 and 600 �C. The TG curve of
GO/CS composite was found to smoothly decay, which confirmed
the interaction between chitosan and graphene oxide, and the re-
sidual solid was 50 wt%, suggesting that chitosan can serve as a
promising carbon precursor with high yield.

The microstructure of the as-synthesized hierarchical porous
carbon materials with different percentage ratio of GO to CS was
characterized by SEM. The CS-0 without GO displayed a loose
structure consisting of irregular crystal-like polyhedron particles
joined together (Fig. 1a). Clearly, after the introduction of GO, a 3D
covalent-bonding network (Fig. 1bed) was formed because of the
crosslink between oxygen-containing groups of GO and the amino
group of the chitosan. Such framework structure was expected to
result in short ion diffusion distances when the macropores were
Fig. 1. SEM images of the samples: (a)
filled with the electrolyte [26]. Moreover, it is noteworthy that the
network structure is critical for the electron transport efficiency in
the composite, as it significantly lowers the contact resistance,
which will be explained in the later section.

To study the micro-structure of the materials in greater detail,
transmission electron microscopy (TEM) was employed. Fig. 2a
showed the TEM image of CS-0, which indicated that numerous
small carbon particles were homogeneously distributed. The TEM
image in Fig. 2b and c showed that small carbon particles in sam-
ples CS-2 and CS-3 were uniformly adhered on nearly transparent
graphene sheets with some wrinkles, and this graphene sheets as a
self-supported skeleton with excellent electrical conductivity.
Fig. 2d was the HRTEM image of samples CS-2, showing that dis-
torted lattice fringes were clearly visible throughout the material,
indicating a partial graphitization texture. One can expect excellent
conductivity from such a partially graphitized carbon sheets.

The graphitic property of the carbon samples was investigated
by powder X-ray diffraction (PXRD). It can be seen from Fig. 3a
that all the samples exhibited similar diffraction features, dis-
playing a visible graphitic stacking peak (002) at 22.3� and a weak
peak (100) at 43.8� because of the formation of a higher degree of
intra layer condensation, which should represent the enhanced
electrical conductivity [27,28]. Moreover, for higher-content GO
samples, the peaks located at 22.3 �C were slightly shifted to
larger angles, while its width stayed constant. The increase shift to
larger diffraction angles indicated tighter stacking of GO sheets in
CS-2 and CS-3. The broad diffraction peak showed that the small
crystallite size of the stacks of sheets, especially in the stacking
direction, and the lack of order in the stacking. From the Raman
spectroscopy (Fig. 3b), we noted a broad 2D band at 2700 cm�1,
which was associated with a second-order zone boundary phonon
mode for graphitized carbons, conforming the appearance of
graphitic structure [29]. It is indicated that sample CS-0 can form
CS-0, (b) CS-1, (c) CS-2, (d) CS-3.
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graphite-like structure during the carbonization process because
chitosan molecules are easy to connect together to form a 3D
hierarchical porous scaffold [27]. Moreover, two characteristic
peaks at 1340 and 1580 cm�1 can be respectively assigned to the
typical D and G bands of amorphous carbon. The IG/ID value
Fig. 3. (a) XRD patterns and (b) Raman spectra of the samples. (c) Nitrogen adsorption/desor
600, 400, 200 cm3 g�1, respectively. (d) The corresponding micropore size distributions cal
increased from 0.44 for CS-0 to 0.54 for CS-3, inferring that rela-
tively higher ordered structures and graphitized degree. This
result implied that the introduction of GO can further improve the
graphitization degree of the carbon matrix, which was in agree-
ment with results of PXRD.
ption isotherms of the samples. The isotherm of CS-0, CS-1, CS-2 are vertically offset by
culated by using the NLDFT method.
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In order to gain insights into porosity information, nitrogen
physisorption experiments were carried out. Fig. 3ced showed the
respective sorption isotherms together with their respective pore
size distributions. Obviously, two steep uptakes (P/P0 < 0.01, P/
P0 > 0.90) were observed from the N2 isotherms, indicating the
existence of a large number of micropores and macropores con-
structed from the aggregates or overlap of carbon sheets. The
micropore size distribution of the samples centered at 1.1 nm, as
calculated by using a non-local density functional theory (NLDFT)
model, was very similar to that of a bare activated CS-0. The specific
surface area calculated using the Brunauer-Emmett-Teller method
was 1532 m2 g�1 for CS-0, which was higher than that of GO/CS
derived carbons (Table 1). Moreover, with an increase of GO content
from 1 wt% to 3 wt%, the specific surface areas of the samples
decreased from1340m2 g�1 to 1081m2 g�1, whichmay be assigned
to the low specific surface area of graphene derived and indicated
that highly porous carbon particles uniformly decorated on few-
layered graphene conductive scaffolds. All above mentioned
showed that the investigated carbons featured pores sufficiently
wide to be filled with the IL ions.

The surface properties of carbon electrodes play the vital role in
the electrochemical performance. Thus, the chemical compositions
of the samples were quantified by XPS and elemental analysis. The
data gave strong evidence for the existence of nitrogen and oxygen
in the materials (Table 1). The heteroatoms can be derived from the
intrinsic nitrogen and oxygen components in the GO/CS composite,
besides the treatment of steam activation also increased the oxygen
content. Furthermore, the enhancement of nitrogen-doping
amount obviously was consistent with increase of GO content
because the electrostatic interaction between GO and protonated
chitosan facilitated the immobilization of the nitrogen atoms. From
the XPS results (Fig. S2), all the samples exhibited three peaks of
C1s, N1s and O1s. The high resolution C1s spectrum of thematerials
were deconvolved (Fig. 4), which mainly showed a single peak of
sp2 C-C (284.8 eV) with small tails, including C-O/C-N (286.1 eV),
C]O (287.8 eV) and O]CeO (288.9 eV) [30]. The high percentage
of sp2 C-C further indicated that the abundant conjugated graphitic
domain was constructed successfully, especially for CS-2, which
was ascribed to the presence of graphene layers, thus significantly
increasing electron transport. XPSmeasurements also revealed that
the nitrogen content incorporated in carbon frameworks increased
from 1.2 wt% for CS-0 to 5.6 wt% for CS-3 (Table 1), which was also
comparable to the results of elemental analyses that a rise of the
nitrogen content from 0.9 at% for CS-0 to 3.7 at% for CS-3, sug-
gesting a homogenous nitrogen distribution in the carbon mate-
rials. The high resolution N1s spectrum showed that three different
bonding situations can be identified on the surface of the samples,
which can be assigned to pyridinic-N (N-6), quaternary-N (N-Q)
and oxidized pyridine-N (N-X), corresponding to the component
peaks centered at 398.3, 401.0 and 402.9 eV, respectively [31]. As
seen from Fig. 4, the proportion of pyridinic nitrogen, graphitic
nitrogen and pyridine N oxide were quantified as 15.0, 72.3 and
12.6%, respectively. Interestingly, the positively charged quaternary
Table 1
Porosity properties and chemical compositions of the samples quantified by
elemental analysis and XPS.

Sample SBET Smic Vtotal Vmic Elemental
analysis %

XPS atom%

m2 g�1 cm3 g�1 C O N C O N

CS-0 1532 1256 1.80 0.52 79.9 16.3 2.8 92.8 4.9 2.4
CS-1 1340 1010 1.57 0.42 78.7 15.9 3.6 91.2 5.7 3.1
CS-2 1285 974 1.87 0.42 71.5 23.2 3.1 92.6 4.9 2.5
CS-3 1081 787 1.33 0.33 73.3 21.6 3.2 89.2 8.6 2.2
N possessed the highest percentage (Table 2), which can effectively
improve electronic conductivity, as well as electron transfer and
capacitance especially at high rates [32,33]. It was reported that
presence of one lone pair electrons in pyridinic-N group was ex-
pected to adsorb hydrophilic ionic liquid electrolytes (EMIMBF4), to
improve the wetting nature of electrode, although pyridinic-
nitrogen was chemically inert in non-aqueous or ionic liquid [34].
For the O1s spectrum in Fig. S3, different valence states of oxygen
were present on surface of the samples: the peaks at 531.3 and
532.2 eV confirmed quinone or C]O groups, and phenol or C-OH
groups, and another peak located at 533.5 was attributed to C-O-C.
A quantitative analysis was shown in Table 2. It has been confirmed
that hydroxyl groups can result in interactions between the elec-
trode and the EMIMBF4 electrolyte in supercapacitors, that is the
hydroxyl groups was transferred to EMIMþ during the charge
process, which were suggested to contribute to the device capaci-
tance [23].

For proof-of-concept studies, the electrochemical performances
of the carbonmaterials were analyzed at 25 �C in combinationwith
EMIMBF4 ionic liquid electrolyte using the technologies of cyclic
voltammetry, galvanostatic charge-discharge and electrochemical
impedance spectroscopy in a symmetric two-electrode coin-type
cell. Fig. 5a showed that the cyclic voltammograms of two-
electrode cells built from CS-0 to CS-3 at a scan rate of 25 mV s�1

in the potential range between 0 and 4 V demonstrated obvious
Faradaic humps, suggesting that the capacitive responsewas due to
the combined effect of redox reactions and electrical double-layer
formation. Obviously, all samples tested showed a roughly rectan-
gular voltammogram which was indicative of an Electric Double
Layer Capacitor (EDLC) performance even up to a voltage range of
3.7 V and in accordance with previous studies in the literature [35].
The pseudocapacitance peaks visible at the potential of 1.2e1.8 V in
the symmetrical EDLC may result either from the reaction of the IL
with the oxygen-containing functional groups on the carbon sur-
face or from impurities present in the IL [36]. Moreover, when the
voltage applied on the supercapacitor was larger than 3.7 V, the
capacitive current dramatically increased, indicating redox peaks
appearing on the CV curves due to the occurrence of chemical re-
actions corresponding to a hydroxyl group broken away from the
graphene electrode acquired by EMIMþ [15]. Based on the consis-
tency of covered areawith the values of the capacitance, it was clear
that CS-2 presented a larger capacitive response than other sam-
ples. However, further improvement on the concentration of GO
over 2% (CS-3), led to a decrease in specific capacitance. We can
address the results to be related to the agglomeration of high
contents of GO that hindered the electron transfer.

In the galvanostatic charge-discharge curve shown in Fig. 5b, the
nearly isosceles triangles indicated standard double layer capaci-
tance, and the deviations from linear curves can be ascribed to
pseudocapacitance during the charge-discharge process, which
was in good agreement with the results of cyclic voltammetry. The
time of accomplishing a charge/discharge cycle was longer for CS-2
than that for CS-0, CS-1 and CS-3. The superior electrochemical
performance of CS-2 may ascribe to the synergistic structural
characteristics, such as a moderate specific surface area, appro-
priate hierarchical pore structure, high conductivity and abundant
functional groups. The calculated mass capacitance (Cg) of CS-2 and
the gravimetric energy density of CS-2 reached 201 F g�1 and
111Wh kg�1, respectively, at a current density of 0.5 A g�1, superior
to the previously reported supercapacitance of nitrogen-doped,
mesoporous carbons [37], nitrogen-doped carbon nanofoam
derived from amino acid chelate complex [24], graphene-like ni-
trogen-doped carbon nanosheets [6] and so on.

Rate capability is an important factor for the utilization of
supercapacitors in power applications. A good electrochemical
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energy storage device is required to provide high energy density (or
gravimetric capacitance) at a high charge/discharge rate. CV tests at
different scan rates and different current densities for the repre-
sentative samples were shown in Fig. S4. Obviously, there was not
Table 2
XPS results about surface atomic percentages of carbon, nitrogen and oxygen species of

Samples % of total C 1s

Sp2 C-C C-O/C-N C]O O-C]O

CS-0 78.3 10.7 6.2 4.8
CS-1 76.5 14.4 4.2 4.9
CS-2 80.7 12.0 3.1 4.1
CS-3 78.9 13.6 3.8 3.7
serious distortion of the quasi-rectangular shape even at the high
scan speed of 200 mV s�1, suggesting an excellent candidate as
electrode material for electrochemical double-layer capacitor.
Moreover, all GC curves showed triangular shapes, exhibiting only a
samples.

% of total N 1s % of total O 1s

N-6 N-Q N-X C]O C-OH C-O-C

29.7 58.7 11.6 11.0 57.1 31.9
18.1 73.9 7.9 23.4 42.2 34.4
17.5 67.0 15.6 15.0 49.2 35.7
28.3 52.7 19.0 5.7 61.2 33.2



Fig. 5. Electrochemical performances of the synthesized carbons: CS-0, CS-1, CS-2 and CS-3. (a) CVs measured at 25 mV s�1 and (b) GC curves measured at 0.5 A g�1 of samples. (c)
Nyquist plots in the frequency range of 100 kHz to 10 mHz in EMIMBF4 electrolyte at 25 �C (d) The specific capacitance of CS-2 at different current densities (0.5e20 A g�1).
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small IR drop at a high current density (Fig. 5c), implying that the
supercapacitor had a high reversibility of a typical capacitor with a
rapid I-V response and a small equivalent series resistance. This was
in accordance with the result of EIS in the following section. CS-2
exhibited a good rate capability of 117 F g�1 at a high discharge
current density of 20 A g�1 (Fig. 5c). To further investigate the effect
of GO contents on the electrochemical performances of the com-
posites, the specific capacitances calculated from the results of
charge/discharge profiles versus current densities are depicted in
Fig. S5 and Table S1. The specific capacitances increased with an
increase of GO weight ratio and then decreased when the ratio
Fig. 6. Cycling stability of the CS-2 electrodes at a constant current density of 5 A g�1 for 100
of a button cell turning on two red LEDs, each of which can be operated at 1.8e2.2 V.
reached up to 2% at any chosen current density. This could be
explained by the morphological and structural evolution. With the
increase of GO ratio, the electrostatic interaction between the
negatively charged graphene oxide and protonated chitosan
restrained the restacking of carbon particles deduced from chito-
san. It probably led to the formation of the plate-like morphology
with a large effective surface area and hierarchical porous structure,
which contributed to utilize the surface properties, thus a higher
specific capacitance was delivered by CS-2 in the charge/discharge
process. When the GO ratio reached to 3%, the rGO sheets may
aggregate, which caused the decrease of specific area and porosity,
00 cycles. The inset shows the first and last 5 cycles of GC curves (a, b) and photographs
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and thus hindered the electrochemical performance. Although CS-2
possessed themaximum capacitance in comparison to the others, it
retained the lowest capacitance retention. This was attributed to
the hydrogen-bond formation ability of the BF4� anions of the
electrolyte. The anions might be attached to the surface function-
alities, hindering their movement along the surface of the sample
and blocking these pores for the reversible electrostatic charge
accumulation at high polarization rates [35].

In order to investigate the kinetic behaviors of the samples for
supercapacitors, electrochemical impedance spectroscopy (EIS)
measurements were performed in the range from 0.01 to 100 kHz.
The Nyquist plots for the electrodes at open circuit potential were
shown in Fig. 5d. All electrodes showed a similar Nyquist plot shape
with, at the high frequency region a depressed semicircle on the Z0

axis, and at the low-frequency region an approximately straight
line parallel to the Z00 axis, indicating that the electrodes had low
ion diffusion and migration resistance [12], which can be ascribed
to the presence of one lone pair electrons in pyridinic-N group
adsorbing hydrophilic ionic liquid electrolytes (EMIMBF4) to
improve the wetting nature of electrode [34]. In addition, the pyr-
idinic N at basal planes have larger binding energy with the ions in
the electrolyte, leading to a larger number of electrolyte ions to be
accumulated on the electrode surface [38]. Note that although the
equivalent series resistances were nearly identical for the samples,
in the frequency region the larger diffusion resistance of the CS-2
and CS-3 mainly originated from its increasing GO content
compared with that of the CS. The incorporation of moderate gra-
phene, can enhance the electrical conductivity that facilitates the
transport of electrons in the electrodes [39,40]. In addition, as
shown in the Bode plots of frequency response in Fig. S6, the
characteristic frequency fo of CS-0 at a phase angle of �45� was
higher than that of CS-1, CS-2 and CS-3, corresponding to the
shortest relaxation time constant to (1/fo) [7]. The shorter relaxa-
tion time constant of CS-0 demonstrated that the structure was in
favor of a high charge/discharge rate with good capacitance
retention, which was consistent with the results shown in Fig. S5.

The long-term durability of supercapacitors is a crucial charac-
teristic for its practical applications. The cycling stability of CS-2
was tested at 5 A g�1 by galvanostatic charge/discharge cycling
and shown in Fig. 6. A capacitance retention of 77% (96 F g�1) was
obtained after 10000 cycles, which was ascribed to the high oper-
ating voltage windows and the corresponding faradaic pseudoca-
pacitance, indicating a superior stability to three-dimensional
nitrogen-doped carbon nanosheets framework [41], graphene
nanosheets modified with 1-Butyl-3-methylimidazolium hexa-
fluorophosphate [42] and so on. The GC curves of the last 5 cycles
(the inset in the bottom right) retained an almost identical shape to
the first 5 cycles (the inset in the bottom left) by maintaining their
linearity and symmetry. This further revealed that the CS-2 elec-
trode had a good electrochemical capacitance and long-term cycle
stability. In addition, in order to demonstrate the high voltage of
this supercapacitor, a fully charged CS-2-based button cell was
employed to drive two commercial red LEDs, each of which works
in the voltage ranges of 1.8e2.2 V, as shown in inset of Fig. 6.

4. Conclusions

A three-dimensional graphene-incorporated porous carbon
networks have been fabricated from graphene oxide-chitosan
composite by the combination of carbonization and subsequent
steam activation processes. In this process, the electrostatic inter-
action between the negatively charged graphene oxide and pro-
tonated chitosan played a crucial role in the formation of 3D
architectures. The resulting materials with unique structure that
highly porous carbon particles uniformly decorated on few-layered
graphene conductive scaffolds possessed high specific surface area,
an enhanced electronic conduction network, and in-situ nitrogen,
oxygen doping, all of these facilitated their considerable capaci-
tance performance, including high energy density and superior
cycling stability in EMIMBF4 electrolyte. Moreover, the unique
properties and the potential scalable synthesis make these novel
carbon networks suitable for many other applications, such as
sorbents and catalyst supports.
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