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ABSTRACT: Nitrogen-doped graphene has been demonstrated to be an excellent multifunctional material due to its intriguing
features such as outstanding electrocatalytic activity, high electrical conductivity, and good chemical stability as well as wettability.
However, synthesizing the nitrogen-doped graphene with a high nitrogen content and large specific surface area is still a
challenge. In this study, we prepared a nitrogen-doped graphene aerogel (NGA) with high porosity by means of a simple
hydrothermal reaction, in which graphene oxide and ammonia are adopted as carbon and nitrogen source, respectively. The
microstructure, morphology, porous properties, and chemical composition of NGA were well-disclosed by a variety of
characterization methods, such as scanning electron microscopy, nitrogen adsorption−desorption measurements, X-ray
photoelectron spectroscopy, and Raman spectroscopy. The as-made NGA displays a large Brunauer−Emmett−Teller specific
surface area (830 m2 g−1), high nitrogen content (8.4 atom %), and excellent electrical conductivity and wettability. On the basis
of these features, the as-made NGA shows superior capacitive behavior (223 F g−1 at 0.2 A g−1) and long-term cycling
performance in 1.0 mol L−1 H2SO4 electrolyte. Furthermore, the NGA also possesses a high carbon dioxide uptake capacity at 1.0
bar and 273 K (11.3 wt %).
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■ INTRODUCTION

Aerogels, usually obtained from the supercritical carbon dioxide
drying or freeze-drying of the wet gels to replace the solvents
with air, are three-dimensional (3D) porous solid materials and
present many intriguing physical properties, including high
porosity, excellent mass-transfer capability, and low bulk
density and dielectric permittivity.1,2 Since Kistler et al.
reported the preparation of silica aerogels in 1931,3 aerogels
with porosity have been obtained from many starting materials,
such as metal oxides and metal chalcogenides.4−6 Carbona-
ceous aerogels assembled of carbon nanostructures have shown
potential in many fields, such as sorption, catalysis, and
electrode materials.7−10 This is because carbon materials are
lightweight and possess an extraordinary mechanical, thermal,
and chemical stability as well as tunable electrical properties.11

Graphene, a two-dimensional carbon nanomaterial, possesses
many outstanding properties, such as large specific surface area,
excellent chemical stability, and superior optical and electrical
properties.12 Recently, graphene-based porous materials have

been extensively explored and held promise in the fields of
catalysis,13−15 energy storage,16,17 and gas adsorption.18−20

Various methods have been applied to prepare graphene-based
porous materials, such as covalent or noncovalent cross-
linking,21,22 chemical or physical activation,23−25 in situ
reduction,26,27 and template-directing methods.28,29 Graphene-
based aerogels, one of graphene-based porous materials, can
not only inherit graphene’s outstanding intrinsic properties but
also possess large specific surface area and pore volume.
Graphene-based aerogels with high porosity and an inter-
connected network have been developed to improve material
performance.30 For example, a mechanically strong and
electrically conductive graphene aerogel reported by Zhang et
al. was prepared by supercritical drying of hydrogel precursor
synthesized from reduction of aqueous graphene oxide (GO)
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dispersion with L-ascorbic acid.26 The as-prepared graphene
aerogel displayed a specific capacitance of 128 F g−1 at a current
density of 50 mA g−1. Cong et al. reported a facile method of
the fabrication of a multifunctional graphene-based aerogel with
interconnected porous networks using ferrous ions as a
reducing agent.31 The as-prepared graphene-based aerogel
exhibited an excellent adsorption performance for the removal
of heavy ions and oils. In our previous report, we also prepared
a similar material via the interaction between GO sheets and
polyethylenimine.32 The obtained porous materials displayed
an extremely high adsorption capacity for the removal of dyes
and the adsorption of carbon dioxide.
Nitrogen-doped graphene (NG) has been widely investigated

owing to its high electrical conductivity, large specific surface
area, and good chemical stability.24,33−35 For example, Sheng et
al. prepared an NG through a thermal annealing approach of
GO using melamine as the nitrogen source, which showed
improved conductivity and excellent electrocatalytic activity.36

Zhao et al. reported an ultralight NG framework, which
displayed a greatly high capacitance of 484 F g−1 and can be
used as a metal-free catalyst for oxygen reduction.37 However,
relatively low specific surface area, poor yield, or complex
processes largely limited their practical use. Research on
nitrogen-doped graphene-based aerogel is ongoing. It is
expected that the introduction of nitrogen species into
graphene aerogel can largely adjust the chemical attribute and
electrical property, thus improving the material’s performance.
For example, Yin et al. demonstrated that a nitrogen-doped
graphene-based hybrid aerogel prepared through a facile
hydrothermal method showed excellent catalytic activity in
oxygen reduction.38 Zhang et al. reported nitrogen-doped
activated graphene aerogel/gold nanoparticles, which showed
excellent electrochemical response to hydroquinone and o-
dihydroxybenzene.39 Nevertheless, the work on nitrogen-doped
graphene aerogels as supercapacitor electrode materials and gas
adsorbents has never been reported to date.
In this work, we present a facile method to the preparation of

nitrogen-doped graphene aerogel (NGA), in which GO and
ammonia are adopted as carbon and nitrogen sources,
respectively. The NGA with excellent electrical conductivity
and high nitrogen level (8.4 atom %) displays a porous network
structure with high porosity. On the basis of the dual
advantages of aerogels and nitrogen-doped graphene, the
NGA material exhibits high specific capacitance (223 F g−1 at
0.2 A g−1), good rate performance, and long-term cycling
stability. Furthermore, the NGA also possesses a high carbon
dioxide uptake capacity at 1.0 bar and 273 K (11.3 wt %). To
the best of our knowledge, this is the first report to use
nitrogen-containing graphene aerogels as gas adsorbents. The
excellent performance can be attributed to the porous
properties of aerogels and the introduction of nitrogen species.

■ EXPERIMENTAL SECTION
Preparation of Nitrogen-Doped Graphene Aerogel. In a

typical experiment, graphite oxide was obtained from the natural flake
graphite (99 wt % purity, average particle diameter of 20 μm,
Yingshida graphite Co. Ltd., Qingdao, China) through a modified
Hummers’ method.40,41 The as-prepared graphite oxide was fully
washed using plenty of ultrapure water, followed by sonicating it in
water for 60 min to obtain aqueous GO dispersion. Aqueous GO
dispersion (18 mL, 5 mg mL−1) and 4 mL of ammonia solution (28 wt
%, Beijing Chemical Reagents Company) were sealed in a Teflon-lined
stainless-steel autoclave, subsequently heating the mixture at 180 °C
for 12 h, thus forming a hydrogel. After the as-prepared hydrogel was

dialyzed with ultrapure water for 3 d followed by freeze-drying, the
NGA was obtained. For comparison, graphene aerogel (GA) was
prepared in a similar method without the addition of ammonia.

Instrumental Characterization. The adsorption isotherms of all
gases (nitrogen, carbon dioxide, and methane) were performed with a
TriStar II 3020 surface area and porosity analyzer (Micromeritics
Instrument Corporation, U.S.A.). The as-prepared porous materials
were degassed at 120 °C for 24 h prior to measurements. Nitrogen
adsorption−desorption measurements were carried out at 77 K to give
the pore parameters. The carbon dioxide and methane adsorption
isotherms were conducted at 273 K. Scanning electron microscopy
(SEM) images were obtained from a Hitachi S-4800 field emission
scanning electron microscope (Hitachi Ltd., Japan), whereas trans-
mission electron microscopy (TEM) images were taken with a Tecnai
G2 20 S-TWIN microscope (FEI, U.S.A.) operating at 200 kV. The
samples were dispersed in ethanol, followed by sonicating the mixture
for 60 min. Then the resultant dispersions were dropped on a copper
grid and dried overnight at room temperature. Thermal gravimetric
analysis (TGA) was carried out on a Pyris Diamond thermogravi-
metric/differential thermal analyzer at a heating rate of 10 °C min−1 in
nitrogen atmosphere. Raman spectra were measured on a Renishaw
inVia Raman spectrometer (Renishaw plc, U.K.) with a laser of a
wavelength of 514 nm at room temperature. X-ray diffraction (XRD)
patterns were measured by a Philips X’Pert PRO X-ray diffraction
instrument using Cu Kα radiation. X-ray photoelectron spectroscopy
(XPS) was conducted on an ESCALab220i-XL electron spectrometer
(VG Scientific Ltd., U.K.) using Al Kα radiation at 300 W. Infrared
spectrum was conducted on PerkinElmer Fourier transform infrared
(FTIR) spectroscopy instruments (U.S.A.). The electrical conductivity
(two-probe method) was measured on a Keithley 4200 Semiconductor
Characterization System, and silver paste was applied to make a good
contact between the probe and sample.

Electrodes were fabricated by mixing 85 wt % active material, 5 wt
% polytetrafluoroethylene (PTFE 60 wt % dispersion in water, Sigma-
Aldrich), and 10 wt % conducting carbon black. All electrochemical
experiments were performed in two-electrode sandwich type-cells
using a gold grid as the current collector. Electrochemical super-
capacitor was assembled using two working electrodes, electrically
isolated by a glassy fibrous separator. Aqueous H2SO4 solution (1.0
mol L−1) was used as electrolyte. The electrochemical performances of
the as-made electrodes were analyzed by cyclic voltammetry (CV)
tests, galvanostatic charge−discharge cycling, as well as electrochemical
impedance spectroscopy. CV and galvanostatic charge−discharge
cycling were performed in the 0−1 V potential range. All the
electrochemical experimental experiments mentioned above were
carried out using a computer-controlled EG&G Princeton Applied
Research VMP3 workstation.

■ RESULTS AND DISCUSSION

In a typical preparation process, the mixture of aqueous GO
dispersion (18 mL, 5 mg mL−1) and ammonia (4 mL) were
added into a sealed Teflon-lined stainless-steel autoclave and
transferred into an oven. The above mixture can form a black
hydrogel with a cylinder shape (Figure S1, Supporting
Information) after the hydrothermal treatment at 180 °C for
12 h. The as-prepared hydrogel contained approximately 2.9 wt
% of nitrogen-doped graphene and 97.1 wt % of water. The
NGA was prepared through freeze-drying of the as-made
hydrogel for 24 h under vacuum condition to obtain a highly
porous material.27,42 After freeze-drying, the NGA showed a
low density (∼80 mg cm−3) calculated by the mass of the NGA
divided by its volume. The morphology and structure of the as-
prepared NGA were studied by means of SEM, TEM, XRD,
and Raman spectroscopy. The SEM images as shown in Figure
1a,b clearly show that the NGA exhibits a hierarchical and
interconnected porous network composed of randomly
oriented graphene sheets, similar to those of previous graphene
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aerogels.26,30 It can be clearly observed that the pore size varies
from tens of nanometers to several hundred nanometers. The
unique 3D porous structure can largely prevent the aggregation
of graphene sheets caused by π−π interaction and van der
Waals force, which may be beneficial to the rapid transport of
electrolyte.42 The TEM image (Figure 1c) also reveals that the
NGA has a unique interconnected porous nanostructure, and
curved sheets can also be clearly seen. Figure 1d shows that the
NGA mainly exhibits an amorphous structure, and some locally
ordered structure pointed out by the white arrow can be
observed. The above-mentioned analyses confirm that we
prepared a material with porous microstructure.

The wide-angle powder XRD patterns of the as-prepared
porous materials are displayed in Figure S2 (Supporting
Information). GO has a large interlayer distance (0.78 nm, 2θ =
11.6°) according to the (002) diffraction peak. The expanded
interlayer spacing in comparison with that of graphite (0.34
nm) confirms the presence of oxygenated functional groups on
GO sheets.41 After the hydrothermal reduction, the peak at 2θ
= 11.6° completely disappears, while a weak and broad peak
centered at ∼24° corresponding to the interlayer distance of ca.
0.37 nm emerges in the GA and NGA, indicating the partial
reduction of GO.26 Compared with GO, the reduced interlayer
spacing in NGA indicates that most oxygen-containing
functional groups introduced into the interlayer spacing of
graphite can be removed during the hydrothermal process. To
study the structure of these graphene-based carbon materials
further, the as-made porous materials were analyzed by Raman
spectra (Figure S3, Supporting Information). The characteristic
D-band (1350 cm−1) and G-band (1590 cm−1) can be observed
for the NGA, GA, and GO.19 The increased defects and the
reduced size of sp2 domain can be confirmed by the increasing
values of D-band/G-band intensity ratios in the GA (0.98) and
NGA (0.97) compared with that of GO (0.80), which is in
accordance with the previous results.43

The types and content of nitrogen species can be
characterized by XPS. As shown in Figure 2a, all of these
samples show C 1s and O 1s. However, the NGA shows an
additional N 1s, indicating the successful introduction of
nitrogen. The nitrogen content is 8.4 atom %. The N 1s
spectrum (Figure 2b) can be deconvolved into three types,
namely, 398.7, 399.9, and 401.8 eV, corresponding to the
pyridinic, pyrrolic, and quaternary nitrogen, respectively.44

Figure 2c displays the high-resolution XPS C 1s spectra of these
samples, which contain graphitic carbon at 284.8 eV, C−O
(epoxyl and hydroxyl) at 286.8 eV, carbonyl at 287.9 eV, and

Figure 1. (a, b) SEM images of nitrogen-doped graphene aerogel at
different magnifications, (c, d) TEM images of NGA at different
magnifications. Inset: a digital photo of the NGA.

Figure 2. (a) XPS spectra of graphene oxide (GO), graphene aerogel (GA), and nitrogen-doped graphene aerogel (NGA), (b) N 1s spectra of the
NGA, (c) C 1s spectra, and (d) thermal gravimetric analysis curves of GO, GA, and NGA.
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carboxyl at 289.1 eV.26 There is an obvious decrease in the
amount of oxygen-containing functional groups during the
hydrothermal reduction of GO, which is in accordance with the
XRD results. The peak of NGA located at 285.9 eV can be
attributed to C−N bonds.45 Seen from Table S2 (Supporting
Information), the oxygen content decreases from 33.1 atom %
for GO to 15.1 atom % for GA to 9.2 atom % for NGA,
indicating that the addition of ammonia can enhance the
reduction of GO. The reduction of GO was also detected by
the FTIR spectra (Figure S4, Supporting Information). For
GO, there is an absorption band at 1720 cm−1, which is
ascribed to CO stretching vibrations in carboxyl and
carbonyl. For NGA and GA, the intensity of CO peak
decreases obviously after hydrothermal treatment, further
indicating the successful reduction of GO. In addition, the

thermal decomposition of GO, GA, and NGA was characterized
by thermal gravimetric analysis. Seen from Figure 2d, there is a
significant increase in the thermal stability for NGA and GA
samples owing to the decrease in the amount of oxygenated
functional groups.
The porous characteristics of the NGA were characterized by

nitrogen adsorption−desorption experiments. The nitrogen
adsorption−desorption isotherms and pore size distributions of
NGA and GA are shown in Figure 3. Both GA and NGA
possess type IV isotherms with type H3 hysteresis at 0.45−1.0
relative pressure range, indicating the presence of mesoporosity
and slit-shaped pores.26 The NGA exhibits a Brunauer−
Emmett−Teller (BET) specific surface area of 830 m2 g−1,
which is superior to those of most graphene-based porous
materials, for example, 3D nitrogen-doped graphene (280 m2

Figure 3. (a) Typical nitrogen adsorption−desorption isotherms and (b) Barret−Joyner−Halenda desorption pore size distribution profiles of
nitrogen-doped graphene aerogel (NGA) and graphene aerogel (GA). The isotherm of GA was offset by 200 units to make curves clear. (■ for
adsorption and □ for desorption in the nitrogen sorption isotherms.).

Figure 4. (a) Cyclic voltammetry curves of nitrogen-doped graphene aerogel (NGA) in 1.0 mol L−1 H2SO4 electrolyte at different scan rates, (b)
galvanostatic charge−discharge curves of NGA at different current densities, (c) specific capacitances of NGA and GA as a function of discharge
current density, and (d) Nyquist plots of NGA and GA.
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g−1)37 and graphene aerogel (510 m2 g−1).26 However, the
specific surface area of the NGA is still less than the theoretical
value (2600 m2 g−1) for graphene sheets, indicating the stacking
of graphene sheets within the as-prepared porous material,
which matches well with the result of XRD. Figure 3b depicts
the pore size distributions of NGA and GA according to the
Barret−Joyner−Halenda (BJH) method, which displays that
most pore volume of NGA lies in the 2−30 nm region and that
the main peak centers at ∼3.9 nm. Table S1 (Supporting
Information) gives the textural parameters of the as-made
porous materials, including specific surface area, pore volume,
and pore diameter.
Electrical conductivity of NGA and GA was measured by a

two-probe method. It was found that NGA (0.8 S m−1) has
higher conductivity than GA (0.5 S m−1). The improved
electrical conductivity can be explained by the lower oxygen
content in NGA compared with GA, implying the addition of
ammonia during hydrothermal treatment leads to the enhance-
ment of GO reduction degree. In addition, the wettability of the
as-made porous materials was also studied. All these wettability
experiments were conducted at room temperature. Before test,
NGA or GA was pressed into a round cake at a pressure of 25
MPa. Water (5 μL) was dropped onto the surface of samples. It
was found that NGA sample (∼2 min) needed shorter time to
be fully infiltrated by the water droplet compared with GA
sample (∼8 min), which suggests that NGA possesses better
wettability than GA. It can be seen from Table S2 (Supporting
Information) that NGA (17.6 atom %) displays a higher
content of nitrogen and oxygen than GA (15.1 atom %). The
increased wettability of NGA can be ascribed to the high
relative content of nitrogen and oxygen, which can facilitate
hydrogen bonding between nitrogen or oxygen atom and the
water molecules.46

To explore the NGA as supercapacitor electrode, the
capacitive performance of the NGA was measured by using a
two-electrode system in 1.0 mol L−1 H2SO4 electrolyte. Figure
4a and Figure S5a (Supporting Information) exhibit the cyclic
voltammetry (CV) curves of NGA and GA at different scan
rates. It can be evidently found that all of the CV curves show a
quasi-rectangular shape and no significant change with the
increase in scan rates, suggesting the excellent rate capacity of
NGA. Even when the scan rate increases to 100 mV s−1, the CV
curves of the NGA and GA still remain a quasi-rectangular
shape with a slight deviation at lower potential, indicating a
quick charge propagation capacity. The rate performances of
the NGA and GA were evaluated by galvanostatic charge−
discharge under different current densities. Seen from Figure 4b
and Figure S5b (Supporting Information), the voltage−time
curves of the NGA and GA show an ideal linear shape,
suggesting their excellent electrical performances. On the basis
of the slope of the discharge curve, the specific capacitance of
the NGA electrode reaches ∼223 F g−1 at a current density of
0.2 A g−1, which is superior to those of some other porous
materials at the same current density.26,47 Furthermore, the
superior capacitance of the NGA is preserved at higher current
density as shown in Figure 4c. Even when the current density
increases to 10 A g−1, the specific capacitance of NGA electrode
still reaches 176 F g−1, corresponding to 78% capacitance
retention compared with the capacitance at 0.2 A g−1. The GA
electrode exhibits ∼75% capacitance retention with the same
increase in the current density, indicating that the well-defined
porous structure of the as-prepared aerogels (NGA and GA) is
an important factor for efficient ion diffusion, especially at the

large current density. Compared with GA electrode, the
enhanced specific capacitance for the NGA could be ascribed
to the good wettability and electrical conductivity, which can
facilitate the electrolyte permeation and electron transport.33,47

In addition, the Nyquist plots of NGA and GA are given in
Figure 4d. The plots of NGA and GA electrodes feature a
vertical line in a low-frequency region, indicating a nearly ideal
capacitive behavior. The real-axis intercept is considered to be
the equivalent series resistance (ESR) in a high-frequency
region. Figure 4d indicates that the NGA has lower ESR than
that of GA, suggesting that the NGA with excellent electrical
conductivity can reduce the charge-transfer resistance, which is
beneficial to the electrochemical performance.
The cycling stability is an important indicator in the practical

application of electrode materials, so we further studied the
cycling performance of the NGA.48 Figure 5 shows cycling

stability of the NGA, which was investigated at a charge−
discharge current density of 1.0 A g−1. It can be seen that the
NGA shows an outstanding cycling stability and exhibits a slight
decrease (8%) in the specific capacitance after 2000 cycles.
Compared with the electrochemical properties of other
pseudocapacitive materials, such as manganese dioxide-based
carbonaceous electrodes49,50 and conductive polymers,51 the
excellent capacitive behaviors indicate that these functional
groups of NGA are greatly stable and considerably reversible
during the charge−discharge cycling process. The above-
mentioned results indicate that the as-made NGA is a
promising electrode material as supercapacitor. The out-
standing electrochemical performance can be ascribed to the
well-developed hierarchical porous structure, excellent electrical
conductivity, the uniformly dispersed functional groups
covalently bonded on the graphene sheets, and high nitrogen
content.
The porous NGA with the high nitrogen content will

probably interact attractively with some gas molecules through
the enhanced molecular interaction.52 Therefore, we inves-
tigated the gas (carbon dioxide and methane) adsorption
performance of NGA. Figure 6a shows the carbon dioxide
adsorption−desorption isotherms of both NGA and GA at 273
K. The GA displays moderate adsorption capacity for carbon
dioxide (7.1 wt % at 1.0 bar and 273 K). We can see that there
is a large enhancement in carbon dioxide adsorption capacity
for NGA (11.3 wt %), which is superior to other porous
materials at the same condition.32,53,54

Figure 5. Cycling stability of nitrogen-doped graphene aerogel at a
charge−discharge current density of 1.0 A g−1 for 2000 cycles.
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In addition, the carbon dioxide adsorption−desorption
isotherm of the NGA is nearly reversible, suggesting that the
carbon dioxide uptake is basically through physisorption or
weak interaction. The methane uptake of the NGA was also
studied as seen from Figure 6b. At 1.0 bar and 273 K, the NGA
exhibits a higher uptake capacity (2.8 wt %) than that (2.2 wt
%) of GA, which is comparable to some highly porous
materials, such as fluorinated porous organic polymers,55

adamantine-based porous polymer networks,56 and micro-
porous polycarbazole CPOP-1 under the same conditions.52 In
addition, the selectivity of NGA toward carbon dioxide over
nitrogen was also investigated at 273 K as given in Figure S6
(Supporting Information). At 1.0 bar and 273 K, the carbon
dioxide and nitrogen adsorption capacity of the NGA is 2.57
and 0.22 mmol g−1, respectively. The estimated adsorption
selectivity of carbon dioxide over nitrogen is 12. The excellent
adsorption performance can be attributed to the high charge
density at the nitrogen site of NGA, which might enhance the
interaction with the polarizable carbon dioxide molecules via
local dipole−quadrupole interaction.52

■ CONCLUSIONS

We have successfully prepared the NGA by means of a facile
hydrothermal reaction, in which GO and ammonia are adopted
as carbon and nitrogen source, respectively. The as-prepared
NGA exhibits a 3D porous network structure with a large BET
specific surface area (830 m2 g−1) and high nitrogen content
(8.4 atom %). These features make the NGA material possess
excellent electrochemical performance, including large specific
capacitance (223 F g−1 at 0.2 A g−1), outstanding capacity
retention, and long-term cycling stability. The high perform-
ance of the NGA can be attributed to its unique structure. First,
the hierarchical porous structure of the NGA with high porosity
provides short ion transfer pathways during the process of
charge−discharge. Second, the good electrical conductivity and
wettability can facilitate the electron transport and electrolyte
permeation, further improving its electrochemical performance.
Furthermore, the NGA also possesses a high carbon dioxide
adsorption capacity (11.3 wt % at 1.0 bar and 273 K) due to
possessing large specific surface area and high nitrogen content.
Thus, the as-prepared NGA could hold promise in the fields of
energy and environment.
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