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ABSTRACT

Porous structure and heteroatom doping are two key parameters for significantly boosting the capacitive
performance of graphene-based materials. Herein, we report a facile approach to prepare one-
dimensional (1D) nitrogen-doped holey graphene nanoscrolls (NHGNSs) through cold quenching
treatment of two-dimensional graphene oxide sheets, followed by thermal annealing in the successive
atmosphere of NHs and air. Benefiting from the synergy of the unique 1D tubular morphology, abundant
nanoholes and nitrogen doping, the NHGNSs exhibit a high specific capacitance of 126 F/g at 1 A/g in ionic
liquid electrolyte and excellent rate capability with 81% of the capacitance retained at 20 A/g.
Furthermore, the fabricated symmetric supercapacitors based on NHGNSs achieve both high energy
density of 53.5 Wh/kg at 875 W/kg and high power density of 17.5 kW/kg at 43.4 Wh/kg. The simple
synthetic process and superior electrochemical performance suggest the great potential of NHGNSs for
supercapacitor application.
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Supercapacitors with the intriguing merits of fast charge
delivery/storage, long lifespan, and excellent reliability have been
demonstrated as a promising candidate for sustainable electro-
chemical energy storage, but the low energy density imposes
substantial restrictions on their widespread application [1,2].
Therefore, increasing energy density without sacrificing power
density has become one of the main challenges at present. In
principle, the enhancement of energy density for electric double
layer capacitors (EDLCs) can be realized through developing high-
capacitance electrode materials working in electrolytes with wide
stable potential window [3]. Owing to the unique combination of
large specific surface area, high electrical conductivity, excellent
mechanical properties and chemical stability, graphene has
attracted extensive attention for electrochemical energy storage
[4], and various graphene-based derivatives and composites have
shown promise for high-performance supercapacitors [5-7].

Graphene nanoscrolls (GNSs) can be regarded as a new class of
one-dimensional (1D) tubular graphene derivative obtained by
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continuous rolling of two-dimensional graphene sheets. In
addition to inheriting the excellent properties of graphene, the
unique 1D tubular structure of GNSs can avoid the restacking and
agglomeration of graphene sheets during the fabrication process,
and the relatively open structure also allows external molecules to
enter the interlayer space [8]. So far, the reported preparation
approaches of GNSs using graphene or graphene oxide (GO) as
precursors mainly include ultrasonication-induced self-assembly
[9], interface forces-driven formation [10], templated assembly
[11] and cold quenching method [8,12].

The morphological advantages and open structure of GNSs
make them potential host materials for charge storage in super-
capacitors and batteries [13,14]. As a typical example, Gao and co-
workers tested the specific capacitance of pure GNSs prepared by
cold quenching [14], which display a high capacitance retention of
~80% from 1 A/g (~90F/g) to 50 A/g in sulfuric acid electrolyte.
Although the GNSs afford an outstanding rate capability, the
specific capacitance still needs to be improved. For boosting the
electrochemical performance, heteroatom doping (e.g., N, B, S, P, F)
[15-17] and holey structures with in-plane nanoholes [18,19] have
been demonstrated as highly effective ways for graphene. The
former can change the electronic structure and chemical
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properties of graphene [20], and the latter can enhance the ion
diffusion kinetics [21]. Therefore, it is expected that these
strategies would also contribute to the capacitive performance
of GNSs.

Herein, we report the facile preparation of nitrogen-doped
holey GNSs (NHGNSs) derived from GONSs synthesized by the cold
quenching method for high-energy and high-power supercapaci-
tors in ionic liquid electrolyte. The NHGNSs were obtained by
thermal annealing of the GONSs in NH3; atmosphere for nitrogen
doping and subsequent controlled air etching process for in-plane
mesopore creation. Benefiting from the synergy of nitrogen doping
and holey structure, the NHGNSs exhibit significantly enhanced
capacitance and rate capability compared with pure GNSs and
nitrogen doped GNSs (NGNSs). More importantly, the fabricated
NHGNSs-based symmetric supercapacitors provide high energy
density of 53.5 Wh/kg and maintain 43.4 Wh/kg at high power
density of 17.5 kW/kg.

A schematic illustration for the stepwise preparation of
NHGNSs is presented in Fig. 1. First, the GONSs were synthesized
by the cold quenching method in liquid nitrogen using hot aqueous
dispersion of large-size GO sheets (Fig. Sla in Supporting
information) as the precursor, followed by vacuum freeze-drying.
Next, the GONSs were thermally annealed in NH3 at 500 °C for
simultaneous nitrogen doping and reduction to synthesize the
NGNSs. Successively, the NGNSs were heated in air for a moderate
carbon corrosion reaction. To determine the reaction condition,
thermalgravimetric analysis (TGA, Fig. S2 in Supporting informa-
tion) of the NGNSs was first conducted, which indicated that the
calcination temperature should be lower than 390 °C to prevent
excessive loss of carbon. Then, the reaction temperature was
further optimized according to the weight retention after a heating
duration of 5 h and controlled just below the threshold of dramatic
weight loss to ensure efficient etching for in-plane hole formation.
After the optimized air oxidation process at 360 °C, the NHGNSs
were obtained with a yield of 83%-86% through the reaction
between the defective sites of NGNSs and oxygen, in which the
graphitic carbon was mostly maintained [19]. For comparison, the
GONSs were also thermally annealed in N, at 800 °C to prepare the
GNSs.

The morphology of the as-prepared samples was characterized
by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. 2 and Fig. S1 (Supporting
information), the NHGNSs possess unique 1D tubular topology
with diameters mainly ranging from 200 nm to 500 nm. It should
be noted that a small amount of graphene sheets still exist in the
final product. High-resolution TEM image (Fig. 2c) confirms the
mesopore formation on the wall of NHGNSs. The topological open
structure and the existence of in-plane holes can provide abundant
pathways for ion migration and increase the accessible surface and
edge for ion adsorption [21].
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Fig. 1. Schematic illustration of the preparation of NHGNSs.

Fig. 3a shows the X-ray diffraction (XRD) patterns of the four
samples. The diffraction peak of GONSs is located at 10.8°,
corresponding to a d-spacing of 8.2 A. After thermal treatment,
the characteristic diffraction peaks (002) shift up to 26.5° for GNSs,
26.1° for NGNSs, and 26.2° for NHGNSs, indicative of the reduction
of GONSs. The Raman spectra (Fig. 3b) show the typical broad D-
band at around 1355 cm~! and G-band at around 1600 cm™! for all
three samples. The intensity ratio of the D and G bands (Ip/Ig) is
generally utilized as an index of the structural defects and the
crystallinity of graphitic carbons. From Fig. 3b, the Ip/I; ratios of
GONSs, GNSs, NGNSs and NHGNSs are calculated to be 0.99, 1.00,
1.06 and 1.03, respectively. The slightly decreased Ip/I; ratio of
NHGNSs, in comparison with NGNSs, suggests the marginally
improved graphitic crystallinity. This can be attributed to the
further removal of defective carbon during the air etching process
at moderate temperature [19].

X-ray photoelectron spectroscopy (XPS) was further performed
to probe the chemical composition of GONSs and NHGNSs. Fig. 3¢
shows the full XPS spectra, in which characteristic peaks
corresponding to C 1s and O 1s are observed for both samples.
The C/O ratio of NHGNSs is about 7.1 (Table S1 in Supporting
information), much higher than that of GONSs (~2.0) due to the
reduction by NH3 at high temperature. Moreover, an additional
N 1s peak appears for NHGNSs, demonstrative of the successful
incorporation of nitrogen atoms. Notably, the nitrogen content of
NHGNSs is as high as 9.0 at% by XPS analysis. The high-resolution
N 1s spectrum of NHGNSs (Fig. 3d) can be well fitted into three
main peaks at 398.2, 399.7 and 401.2 eV, arising from pyridinic N,
pyrrolic N and graphitic N, respectively. According to the fitting
results, the percentages of pyridinic N, pyrrolic N and graphitic N in
NHGNSs are calculated to be 23.6, 56.5, and 19.9 at¥%, respectively.
The high doping level of nitrogen in graphene lattice may conduce
to the enhancement of electrochemical performance.

To evaluate the capacitive performance of the above active
materials, two-electrode symmetric cells were assembled using 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,) ionic
liquid as electrolyte and measured within a high voltage of 3.5V
by cyclic voltammetry (CV), galvanostatic charge and discharge
(GCD), and electrochemical impedance spectroscopy (EIS). The CV
curves (Fig. 4a and Fig. S3 in Supporting information) display
quasi-rectangular shape without distinct redox peaks, which show
little distortion even at an ultrahigh scan rate of 1 V/s, indicative of
excellent electrical double-layer charge storage. This typical
capacitive behavior is also demonstrated by the triangle-shaped
GCD profiles (Fig. 4b) measured at various current densities
ranging from 1 A/g to 20 A/g (based on the mass of active material
in a single electrode). According to the discharge segment of GCD
curves, the NHGNSs deliver a high specific capacitance of 126 F/g at
1 A/g (Fig. 4c). Even at a high current density of 20 A/g, the NHGNSs
can still provide 102 F/g with a remarkable retention rate of 81%,
demonstrative of outstanding rate capability. In a sharp contrast,
the GNSs measured under the same conditions (Fig. S4 in
Supporting information) exhibit a low specific capacitance of
60 F/g at 1 A/g with only 51% of the capacitance retained at 20 A/g.
Besides, the specific capacitance of the NGNSs (Fig. S5 in
Supporting information) is 98 F/g at 1 A/g, and a capacitance
retention of 65% is obtained at 20 A/g. The great improvement of
both specific capacitance and rate capability of NHGNSs (Figs. 4c, d
and Fig. S6 in Supporting information), in comparison with NGNs
and GNSs, can be ascribed to the synergy of nitrogen doping and
holey structure. The nitrogen doping is capable of modulating the
surface chemistry and improving the electrode wettability [20].
Meanwhile, the holey structure can facilitate ion transport and
increase accessible surface area [21]. The larger slope of NHGNSs-
based supercapacitors in the low frequency region of EIS (Fig. S7 in
Supporting information) further suggests the enhanced ion
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Fig. 2. (a) SEM and (b, c) TEM images of NHGNSs.
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Fig. 3. (a) XRD patterns and (b) Raman spectra of NHGNSs, NGNSs, GNSs, and
GONS:s. (c) Overall XPS spectra of NHGNSs and GONSs. (d) N 1s XPS spectrum of
NHGNSs.

diffusion kinetics. In addition, the slightly higher ohmic resistance
of NHGNSs-based supercapacitors may originate from the little
oxygen doping in the air oxidation process.

The energy densities and power densities of the symmetric
supercapacitors based on NHGNSs, NGNSs and GNSs are
calculated from the GCD profiles, and Ragone plot is presented
in Fig. 4e. The NHGNSs-based supercapacitors achieve a high
energy density of 53.5 Wh/kg at an average power density of
875 W/kg and still retain 43.4 Wh/kg at a high average power
density of 17.5 kW/kg based on the mass of NHGNSs in the two
electrodes, which is much better than the GNSs-based super-
capacitors (25.5 Wh/kg at 875W/kg and 12.9 Wh/kg at 17.5
kW/kg) and NGNSs-based supercapacitors (41.9 Wh/kg at 875 W/
kg and 27.2 Wh/kg at 17.5 kW/kg) and also superior to many
reported graphene- and carbon-based supercapacitors [22-27].
Furthermore, cycling stability was tested at a current density of 10
Alg, and the NHGNSs-based supercapacitors retain 91% of the
initial capacitance with excellent coulombic efficiency of ~100%
after 2000 cycles (Fig. 4f).

In summary, we have reported the facile production of NHGNSs
through cold quenching of GO sheets and subsequent thermal
annealing of GONSs in the successive atmosphere of NHs and air.
When serving as electrode material for supercapacitors with ionic
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Fig. 4. Electrochemical performance of NHGNSs, NGNSs and GNSs for supercapacitors in EMIMBF, with a voltage of 3.5 V. (a) CV curves of NHGNSs obtained at various scan
rates ranging from 100 mV/s to 1000 mV/s. (b) GCD profiles of NHGNSs measured at different current densities ranging from 0.5 A/g to 10 A/g. (c) Specific capacitances of
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liquid electrolyte, the NHGNSs deliver a high specific capacitance
of 126 F/g and excellent rate capability with 81% of the capacitance
maintained from 1 A/g to 20 A/g. This electrochemical performance
is superior to those of GNSs and NGNSs, demonstrative of the
critical roles of nitrogen doping and holey structure for boosting
the capacitive performance. More importantly, the assembled
NHGNSs-based supercapacitors can offer a high energy density of
53.5 Wh/kg and retain 43.4 Wh/kg even at a high power density of
17.5 kW/kg, outperforming many reported graphene- and carbon-
based supercapacitors. Therefore, it can be concluded that the
unique structure enables NHGNSs a promising electrode material
for supercapacitors and even other electrochemical energy storage
devices.
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