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a b s t r a c t

In this paper, a porous free-standing nitrogen-doped graphene (NG) film for high energy density
supercapacitor is prepared via a facile hydrogel strategy. Taking advantage of the hydrogel behavior
together with the mechanical stability of GO sheets, an interconnected macro-porous nitrogen-doped
free-standing film is constructed. The nitrogen doping structure ensures sufficient pseudocapacitance
and conductivity of the film, while the macro-porous structure favors fast ion adsorption. When
assembled in a symmetric two-electrode supercapacitor, not any conductive agent or binder is used. The
free-standing NG film shows specific capacitance of 455.4 F g�1 based on the mass of whole electrode,
while no capacitance loss after 5000 cycles. Furthermore, an asymmetric supercapacitor is assembled
with this NG film as negative electrode and a macro-porous graphene/polypyrrole composite film syn-
thesized using the similar strategy as positive electrode. An energy density of 34.51Wh kg�1 at a power
density of 849.77Wkg�1 is obtained, suggesting great potential of this film for application in energy
storage field.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Among diverse energy storage systems, supercapacitors (SCs)
draw considerable attention due to their higher power density,
longer cycle life, simpler fabricating procedure and safety
compared with lithium-ion batteries [1e6]. Among the functional
parts of a typical SC device, including electrode, separator and
electrolyte [7], the electrode materials are the key to determine
electrochemical performance of the device [8]. According to the
energy storage mechanism [6], SCs can be classified into electric
double-layer capacitors (EDLCs) and pseudo-capacitors. Carbon
materials, as typical EDLC materials, are the most common elec-
trode materials, possessing high power density and long cycle life.
However their energy storage ability is largely limited by their
physical charge storage mechanism. Oppositely, pseudo-capacitor
Meng), weifan@dhu.edu.cn
materials can achieve higher energy density than EDLCs due to
fast redox reactions, but at the cost of loss in rate capability and
cyclability [9e12]. To combine the advantages of both, nitrogen
doped carbon materials, cooperating nitrogen atoms into carbon
lattice, have been widely studied [13e15]. Huang et al. [16] syn-
thesized N-doped mesoporous few-layer carbon by combining
chemical vapor deposition and template method, which provides a
specific capacitance of 855 F g�1 and exhibits good cycling stability.
Hu et al. [17] obtained unique 3D hierarchical nitrogen-doped
carbon nanocages, achieving a high energy density of 10.90Wh
kg�1 at 22.22 kWkg�1, as well as superior rate capability and
cycling stability. More recently, Deng et al. [18] prepared nitrogen-
doped carbon material with a specific area of 2905.4m2 g�1 and a
specific capacitance of 350.7 F g�1 (at a current density of 1 A g�1) in
1MH2SO4 electrolyte. The above researches demonstrate that
nitrogen-doped carbon materials with interconnected porous
structure and large specific surface area exhibit high specific
capacitance and good stability. This mainly attributes to abundant
redox active sites provided by the porous nitrogen doping structure
and efficient pathways for ion diffusion and electron transmission
[19e21].
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However, just like most active materials, conventional powder
porous nitrogen-doped carbon materials must work with the aid of
conductive agents and binders [22] for electrochemical application,
which will definitely decrease the performance of the whole elec-
trode. Integrate film electrodes, which can stand steadywithout the
aid of any additives, are highly competitive for practical use. On the
one hand, using of them eliminates the mass of inactive part of the
electrode, improving the energy density of the whole electrode. On
the other hand, the surface of the active material of free-standing
electrode is not stuck by the additives, which can achieve abun-
dant energy storage sites and further high electrochemical prop-
erties [23e26]. Moreover, the mechanical integrity shows potential
in flexible devices. There are few reports about NC based integrated
electrodes. Choi et al. [27] developed nitrogen-doped graphene
supported on nickel and paper substrates by a plasma-enhanced
chemical vapor deposition process. The capacitance reaches
280 F g�1, which is about 4 times larger than the undoped graphene
electrode. After 10000 cycles, the flexible supercapacitor displayed
95.3% of its initial capacitance, showing excellent cycling stability.
Yu et al. [28] prepared flexible nitrogen-doped activated nanofiber
network which showed ~95.9% retention of its initial capacitance
after 5000 cycles. Wong et al. [29] prepared free-standing nitrogen-
doped hierarchically porous carbon foam via annealing of soft-
template-casted melamine foam. The capacitance of the symmet-
ric supercapacitor delivered a high capacitance of 59.4 F g�1 at
0.5 A g�1. After 10000 cycles, the supercapacitor performed excel-
lent capacitance retention of 91.5%. Liu et al. [30] synthesized 3D
porous nitrogen-doped graphene-CNT hybrid paper through using
polystyrene colloidal particles as template followed by carboniza-
tion. There was only less than 3% capacitance loss after 1000
charge/discharge cycles, revealing a good cycling stability.

Although the reported free-standing nitrogen doped carbon
electrodes already show good cyclability. The energy density still
needs to be improved to accommodate further applications. Several
aspects can affect the specific energy density, including the density
and the mass loading of the electrode [31], the morphology and
conductivity of electrodes [32], and the type of the electrolyte used
[33] and so on. A critical factor to enhance energy density without
sacrificing rate performance and other essential properties is to
achieve rich and fully exposed energy storage sites in the electrode.
That means to ensure fast ion transport and facilitate redox ki-
netics. Hence, interconnected porous structure with enhanced
surface area is desirable. However, it is still a challenge to achieve
such structure in a freestanding nitrogen doped carbon electrode. A
main reason is that porous NC electrodes are usually fabricated by
chemical activation or template method, which is rather compli-
cated and not suitable to maintain an integrate structure.

In this study, we fabricated a free-standing N-doped graphene
aerogel (NG) film via vacuum filtration, direct freeze drying and
pyrolysis. The result flexible film incorporates two well-connected
parts, the upper NG aerogel and the lower porous reduced gra-
phene oxide (RGO) sheets section. This film shows a three dimen-
sional macro-porous structure from top to bottom. On the one
hand, the pyridinic and pyrrolic N moieties converted from pyrrole
molecule contribute the main redox reactions for energy storage.
On the other hand, the adsorption and transport of ions is opti-
mized in the macro-porous structure by adapting the cross linking
degree. The two aspects are all conducive to improving the energy
density of the film. When assembled in symmetrical two electrode
supercapacitor, the specific capacitance of NG film reaches
455.4 F g�1. After 5000 cycles, the capacitance shows no obvious
loss. Also, the reduced graphene oxide/polypyrrole (RGO/PPy)
aerogel film with the same interconnected macro-porous structure
is prepared by a similar procedure but experienced in-situ poly-
merization process. To further explore the practical performance,
an asymmetric supercapacitor was assembled with RGO/PPy
composite film as positive electrode material and the NG film as
negative electrode material, which achieves a broad operating
voltage of 0e1.7 V in aqueous solution, delivering an energy density
of 34.51Wh kg�1 at a power density of 849.77Wkg�1. The results
demonstrate that this freestanding NG film based electronic device
has good application aspect in high-performance energy storage
devices.

2. Experimental

2.1. Materials

Natural graphite powder (325 meshes) was purchased from
Sigma-Aldrich. Ammonium persulfate (APS), ethanol, 98% H2SO4,
30% H2O2, potassium permanganate (KMnO4), NaNO3, HI (�45%),
HAc (99.5%) and 37% HCl were supplied by Sinopham Chemical
Reagent Co., Ltd. Pyrrole was purchased from Sigma-Aldrich, and
distilled before use. All the other chemicals were of analytical grade
and used as received without further purification. Deionized (DI)
water was used throughout the experiments.

2.2. Preparation of graphite oxide (GO) solution and nitrogen-
doped graphene (NG) films

GO was synthesized from natural graphite powder via Hum-
mers' method [34] and dispersed in DI water with ultrasonication
to form 0.5mgmL�1 and 6mgmL�1 GO dispersion. A small amount
of fresh pyrrole (Py) monomer was mixed with 5mL 6mgmL�1 GO
suspension, with GO/Py weight ratios of 1:1, 1:2, 1:3 and 1:4. The
mixture was shaken violently for a few seconds and sonicated for
another 15min. After keeping still for 6 h, the mixture was filtrated
after filtration of 20mL 0.5mgmL�1 GO suspension through a Poly
(tetra fluoroethylene) (PTFE) filter membrane (220 nm pore size).
To obtain free-standing film, the filtered substance was freeze-
dried together with the membrane and then carefully peeled off.
Finally, the freeze-dried film was carbonized under pure nitrogen
gas atmosphere at 600 �C for 2 h with a heating rate of 5 �C min�1.
Therefore, several graphene films with various amounts of doped
nitrogen were obtained, which were named as NG-1, NG-2, NG-3
and NG-4 according to different ratio of Py: GO, respectively. The
volume of the mixture used for filtration was constant. For com-
parison, RGO filmwas fabricated using the same amount of GO in a
similar way but with no Py monomer, which was named as NG-0.

2.3. Fabrication of RGO/PPy composite films

RGO/PPy composite films were synthesized by solution poly-
merization of Py on the as above freeze-dried GO filmwith the GO/
pyrroleweight ratio of 1:3. Typically, a piece of freeze-dried GO film
got according to above processes was placed in 20mL of 1M HCl
aqueous solution in an ice bath. Successively, different amounts of
Py monomer (the final solution concentration is 0.01mol L �1,
0.05mol L�1 and 0.1mol L�1) was added into the solution under
stirring to form a uniform mixture, respectively. An aqueous solu-
tion of APSwas resolved in another 10mL HCl aqueous solution and
precooled (the molar ratio of APS to Py is 1:1). The polymerization
was started when the oxidant solution was added to the monomer
solution. After stirring for 24 h in an ice bath, the composited film
was taken out from the polymerization system and washed with DI
water and ethanol repeatedly. The obtained dark black films was
immersed in a mixed HI and HAc solution (the volume ratio is 1:2)
at room temperature for 30min, and then kept at 75 �C for 6 h.
Finally, the composite films were washed with water and ethanol
several times to ensure iodine and HI was removed completely. The



Y. Jin et al. / Electrochimica Acta 318 (2019) 865e874 867
film was obtained after drying under vacuum at 40 �C for 12 h,
named as RGO/PPy-0.01, RGO/PPy-0.05 and RGO/PPy-0.1, according
to different amount of Py monomer, respectively. Still, RGO/PPy-
0 film was synthesized without adding additional amount of Py
monomer in the polymerization for comparison.

2.4. Characterization

The morphology of the samples was investigated by field-
emission scanning electron microscopy (FESEM, Ultra 55). X-ray
diffraction (XRD) patterns were conducted on an X'Pert Pro X-ray
diffractometer equipped with Cu Ka radiation (l¼ 0.1542 nm) un-
der a voltage of 40 kV and a current of 40mA. Raman spectra were
collected using a LabRAM-HR Confocal Laser Micro Raman Spec-
trometer at an exciting wavelength of 532 nm. Fourier-transform
infrared (FTIR) spectra were recorded with a 4 cm�1 spectral res-
olution on a Nicolet Nexus 470 spectrometer equipped with a DTGS
detector. X-ray photoelectron spectroscopy (XPS) analyses were
accomplished with a VG ESCALAB 220I-XL device. Thermogravi-
metric analysis (TGA, Pyric 1 TGA, PerkinElmer) were performed in
Nitrogen atmosphere from 100 �C to 600 �C at a heating rate of
20 �C min�1.

2.5. Electrochemical measurements

All electrochemical performances weremeasured on a CHI 660D
electrochemical workstation, using a two-electrode system, with a
filter paper (Titan 102, cellulose fiber) used as separator and
graphite paper (thickness: 0.2mm) as the current collector. The
NG-x films (x¼ 0, 1, 2, 3 and 4) and RGO/PPy-y composite films
(y¼ 0, 0.01, 0.05 and 0.1) were cut into 10� 10mm2 squares and
used directly as binder-free working electrode materials. The
detailed thickness and density information of the films are shown
in Table S3. Cyclic voltammetry (CV) curves were collected at
various scan rateswith potential ranges of�1 to 0 V for NG-x (x¼ 0,
1, 2, 3, 4) films and 0e1 V for RGO/PPy-y (y¼ 0, 0.01, 0.05 and 0.1)
composite films, respectively. Galvanostatic charge-discharge
(GCD) curves of the two films under different current densities
were measured in the same potential window as their CV test
respectively. The electrochemical impedance spectroscopy (EIS)
was recorded in the frequency ranging from 0.01 to 10 kHz with
amplitude of 5mV. The specific capacitance (F g�1) of a single
electrode was calculated from galvanostatic discharge curves ac-
cording to the following equation:

C ¼ 2It
mV

(1)

where I is the discharge current densities (A), t is the discharge time
(s), m is the mass of the whole electrode (g), and V is the potential
window (V).

The asymmetric supercapacitor (ASC) was fabricated using RGO/
PPy-0.05 film as the positive electrode material and NG-3 film as
the negative electrode material. The mass ratio of RGO/PPy-0.05
composite film to NG-3 film was controlled as 0.62 according to
the following equations:

Qþ ¼ Q� (2)

Q ¼C � V �m (3)

mþ
m�

¼ C� � V�
Cþ � Vþ

(4)

where Q is the stored charge on the cathode or anode (C), C is the
specific capacitance (F g�1), V is the potential window (V), m is the
mass of the electrode (g).

The gravimetric energy density (E, Wh Kg�1) and power density
(P, W Kg�1) of the asymmetric supercapacitor were evaluated using
equations (5) and (6), respectively:

E ¼
1
2CV

2

3:6
(5)

P ¼ 3600E
t

(6)

where C is the specific capacitance of the two-electrode devices (F
g�1), V is the potential window (V), and t is the discharge time (s).

3. Results and discussion

3.1. Morphology and chemical characterization of NG-x films (x¼ 0,
1, 2, 3 and 4) and RGO/PPy-y (y¼ 0, 0.01, 0.05 and 0.1) composite
films

Gel method is a useful route to get macro-porous network
structure, especially for graphene bulk materials. However, it is not
easy to get film material through hydrogel process because of the
loose macro-porous structure. We designed a two-layer structure
to reinforce the free-standing stability of the as obtained aerogel
structure and enhance the available surface of the free-standing
film at the same time. The main synthetic process of NG-x (x¼ 0,
1, 2, 3, 4) films and RGO/PPy-y (y¼ 0, 0.01, 0.05 and 0.1) composite
films is schematically illustrated in Fig. 1I. To start with, the hybrid
hydrogels were prepared by mixing a certain volume of GO sus-
pension with various amounts of Py monomer. Followed by mixing
violently, the dark material was observed at the bottom of an
inverted centrifuge tube (Fig. 1I), illustrating hydrogel was formed
successfully. Subsequently, the hydrogel was filtrated after a certain
amount of GO solution to make a uniform film. After freeze-drying
and pyrolysis, the final product NG-x film was obtained.

Morphology of NG-x (x¼ 1, 2, 3, 4) films is shown in Fig.1(II) and
Fig. S1. From SEM images, an porous structure can be clearly
observed in NG-2 and NG-3 samples (Fig. 1(II), Fig. S1). This is due
to the hydrogel behavior of GO in the presence of Py, where two-
dimensional graphene sheets interconnect with each other form-
ing 3D framework structurewith enlarged interlayer space. Thus, to
a large extent, it prevents graphene sheets from restacking. How-
ever, as for NG-1 and NG-4, the macro-pores become not as clear
(Fig. S1d). This is because that the amount of Py monomer in-
fluences the assemble behavior of GO sheets. The cross-link func-
tion between two graphene sheets generally strengthens along
with the increasing amount of Py monomer. When there is no
sufficient or too much Py monomer, graphene sheets stack with
each other severely without forming interconnected pores. As can
be seen in the cross-sectionmorphology of NG-3 film (Fig.1(II) b-d),
the upper aerogel show a macro-porous morphology with inter-
connected 3D framework network. Graphene sheets were arranged
in horizontal direction forming aligned macropores in the bottom
of NG-3 film. The oriented porous structure endows the film superb
mechanical capacity along the film direction as demonstrated
previously [35]. It can be concluded that the trend of orientated
alignment in horizontal direction favors the upper aerogel linking
up with graphene sheets beneath it (Fig. 1(II) c), forming an inte-
grated film. As a result, the NG-3 film shows good flexibility
(Figs. S2e3) with thickness of about 400 mm (Fig. 1(II) a). The
density of NG-x (x¼ 1, 2, 3, 4) films is 0.55, 0.45, 0.47 and
0.52mg cm�2, respectively.

In addition, RGO/PPy-0.05 composite film shows a similar



Fig. 1. (I) Schematic illustration of the fabrication process of N-doped graphene aerogel films. (II) (aed) SEM images of different parts in the cross-section of the NG-3 film: (a) the
whole cross-section; (b) the upper aerogel section; (c) the middle section; and (d) the bottom GO sheets section, respectively.
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interconnected 3D framework network (Fig. S5a). The upper aero-
gel section with abundant well-defined macro-pores can be
observed in Fig. S5b. High-magnification SEM image reveals that
the pore walls are thick, which may due to PPy coating on the
surfaces of graphene sheets in RGO/PPy-0.05 composite film
(Fig. S5c).

XRD analysis shows that the diffraction peaks of GO appear at
11.1�, indicating the lamellar spacing is 0.77 nm (Fig. 2a). After py-
rolysis, for NG-0, the peaks at 26.2 and 41.5� (representing (002)
and (100) crystal planes) are observed [36]. While for NG-3 sample,
there is an inconspicuous broad peak centered at about 25.5�,
indicating the poor crystallinity of NG-3 sample. This further
demonstrates the reduced aggregation of graphene sheets. Mean-
while, as shown in Figs. S5d and a similar broad peak appeared at
~23� is found in the patterns of PPy and RGO/PPy-0.05 composite
film samples, indicating the amorphous structural feature. The
weight ratio of PPy in RGO/PPy-0.05 sample was 48.78% (Fig. S7)
calculated by TGA curve.

Raman spectra for GO and NG-x film (x¼ 0, 1, 2, 3 and 4) are
recorded in Fig. 2b. Among these carbon materials, two peaks
locating at 1300-1400 cm�1 and 1500-1600 cm�1 respectively are
observed. These are attributed to the D band and G band of gra-
phene [37e40]. The ID/IG values of NG-x (x¼ 0, 1, 2, 3, 4) samples
are higher than that of pristine GO, and the value increases with the
increase of the amount of Py monomer. This illustrates more de-
fects were created [41]. Furthermore, the amount of defects in-
creases along with the increase of Py, the nitrogen source. This
suggests an influence of nitrogen doping. In FT-IR spectrum
(Fig. S4), GO displays characteristic peaks at 3440, 1731, 1240 and
1168 cm�1, corresponding to -OH, C]O, C-OH and C-O-C functional



Fig. 2. (a) XRD patterns of GO, NG-0 film, NG-3 film. (b) Raman spectra of GO, NG-x films. (c) XPS survey spectrum for the NG-0 and NG-3 films. High-resolution XPS spectra of (d)
N1s peak and (e) C1s peak of NG-3 film. (f) Schematic of nitrogen doping structure.
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group stretching vibrations. NG-3 sample shows typical peaks at
the range of 3300e3500, 1431 and 1173 cm�1, which belongs to N-
H, ¼C-N of pyrrole ring and C-N stretching vibrations, suggesting
the incorporation of N atoms into carbon lattice. For the PPy
powder sample, peaks ascribed to the N-H, C-N, ¼C-N, C-H vibra-
tions and the skeleton vibration of the pyrrole rings can be
observed at 3300-3500, 1431, 1218, 1048 and 1578 cm�1 respec-
tively. RGO/PPy-0.05 composite shows the existence of almost all
these peaks, confirming the successful synthesis of RGO/PPy
composite.

The elemental species and nitrogen bonding configuration was
further analyzed according to X-ray photoelectron spectroscopic
(XPS) result. As displayed in Fig. 2c, all the samples exhibit signals
of C1s peak at about 284.8 eV and O1s peak at 532.0 eV.
Additionally, NG-3 films have a pronounced N1s peak at 400.0 eV,
indicating the cooperation of nitrogen atom in carbon lattice.
Moreover, the N content in NG-3 film is the highest among NG-x
(x¼ 0, 1, 2, 3, 4) samples (Table S1). Meanwhile, the high resolu-
tion N1s peaks can be deconvoluted into four peaks (Fig. 2d), rep-
resenting pyridinic N (N-6, 398.25 eV), pyrrolic/pyridone N (N-5,
400.30 eV), quaternary N (N-Q, 401.00 eV) and oxidized N (N-X,
402.50 eV), respectively [42]. Pyridine-N and pyrrole-N are the
main N-bonding states in NG-3 film (Fig. S6, Table S2). As reported,
pyridinic nitrogen and pyrrolic nitrogen are regarded as electro-
chemically active atoms, which are considered to be favorable to
enhance the capacitance [43]. The spectrum of the C1s of NG-3
sample can be deconvoluted into five peaks at 284.6, 285.4,
286.9, 287.8 and 288.6 eV, attributed to the C]C, CeN, CeO, C]O
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and O-C]O groups, respectively (Fig. 2e). Based on the Raman, FT-
IR and XPS results, it is evident that nitrogen atoms have success-
fully incorporated in the carbon lattice. A schematic illustration of
this structural arrangement is shown in Fig. 2f.
3.2. Electrochemical performance

The electrochemical properties of NG-x films (x¼ 0,1, 2, 3 and 4)
including cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), electrochemical impedance spectroscopy (EIS) and cycling
test were evaluated in a symmetrical two-electrode configuration
using 0.5MH2SO4 solution as the electrolyte (Fig. 3). Fig. 3a shows
the CV curves of NG-x (x¼ 0,1, 2, 3, 4) samples at the same scan rate
of 10mV s�1 with a potential window from 0 to 1 V. All CV curves
show near rectangular shapes with symmetrical feature, illus-
trating a good capacitive behavior. The integrated area of CV curve
Fig. 3. Electrochemical performances of the NG-x (x¼ 1, 2, 3, 4) film electrodes: (a) CV cur
density of 1 A g�1; (c) Specific capacitance at various current densities; (d) CV curves of NG-3
density of 5 A g�1.
of NG-3 is largest, implying the highest specific capacitance [44]. As
plotted in Fig. 3b, discharge curves of all the N-doped graphene
samples are nearly symmetrical triangle, suggesting nearly ideal
reversible charge-discharge processes. For GCD curves, the area of
the triangles implies the value of specific capacitance, which shows
the similar trend as CV results. Obviously, the NG-3 film sample has
the highest specific capacitance among all the samples. No obvious
voltage drops at the initial stage of the discharge process are
observed, indicating low internal series resistance (lower IR drop)
[45].

The specific capacitance of the obtained electrode materials at
current densities varying from 1 to 10 A g�1 are shown in Fig. 3c. All
the samples show decreased specific capacitances as the current
density increases. Among these samples, the NG-3 film shows the
highest specific capacitance. Its highest gravimetric specific
capacitance reaches 455.4 F g�1 at the current density of 1 A g�1.
ves at a scan rate of 10mV s�1; (b) Galvanostatic charge-discharge curves at a current
film at various scan rates; (e) Nyquist plots; (f) Cyclic stability of NG-3 film at a current
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While for NG-0, NG-1, NG-2 and NG-4, the specific capacitance at
the same current density is 105.2, 210.6, 285.8 and 305.2 F g�1,
respectively (Fig. 3c). Even at a high current density of 10 A g�1, the
specific capacitance of NG-3 film electrode still reaches 300.0 F g�1

exhibiting 66% retention ratio. The specific capacitance is higher
than those of previously reported nitrogen-doped carbons, such as
hNCNCs and N-CNFs-900 (Table 1). Rate performance is higher than
those of nitrogen-doped hierarchical porous carbon materials (62%
when varied to 10 A g�1) [46], three-dimensional nitrogen-doped
hierarchical porous carbon (42% when varied to 10 A g�1) [47], and
hierarchically porous N-doped carbon nanosheets (40% when var-
ied to 10 A g�1) [48]. What's more, the CV curves of the NG-3 film
electrode collected at scan rates ranging from 5 to 100mV s�1 all
display rectangular profile, also indicating high rate performance
(Fig. 3d). The outstanding rate performance of NG-3 film electrode
could be caused by the synergistic effect between the highest N
content and interconnected porous framework [49].

Nyquist plots are used to evaluate the resistance performance as
displayed in Fig. 3e. They can reflect the charging and ion transfer
properties in these electrode films. A well fitted equivalent circuit
model of the EIS was plotted in Fig. S8. All of the samples show
similar shape, consisting of a part of semicircle at high-frequency
region and a near-vertical line in the low-frequency region. The
two parts correspond to the combination of electrolyte resistance
(Rs) and charge-transfer resistance (Rct), and the Warburg
impedance representing the diffusive behaviors of the electrolyte
in electrode pores and ions in active materials. In the high fre-
quency region, the inconspicuous semicircles suggest low intrinsic
resistance of the materials and fast faradaic charge transfer process
[50]. At low-frequency, the NG-3 film shows a steeper slope than
the other samples in the low frequency region, suggesting a higher
ion mobility and diffusion of NG-3 electrode [51]. Besides, the
cycling stability of NG-3 film was examined under a large current
density of 5 A g�1 (Fig. 3f). The electrodes kept 104% of its initial
capacitance after 5000 cycles. The slight increase may be caused by
a slow activation process. No capacitance loss of the cycling per-
formance demonstrates the good cyclic stability of the NG-3 film
electrode. All of the measurement results mentioned above show
the obvious advantage of electrochemical performance of the NG-x
(x¼ 0, 1, 2, 3, 4) film electrodes. The excellent performance is
caused by plentiful nitrogen active sites and better contact between
electrolyte and electrode, contributed by abundant accessible sur-
face area and pathways for ion transportation.

To fabricate an asymmetric SC device and obtain high energy
density, we further fabricated RGO/PPy composite films with the
similar structure. The electrochemical performance obtained in a
two-electrode system is exhibited in Fig. S9. From CV curves of
Table 1
Comparison of capacitive performances of this work with those reported in relevant wo

Electrode material Specific capacitance Device Dev

hNCNCs 313 F g�1,
1 A g�1

symmetric SC 313
1 A

N-CNFs-900 202 F g�1,
1.0 A g�1

symmetric SC 202
1 A

GO10/PPy composite 439 F g�1,
5mV s�1

GO10/PPy//AC 67.5
0.6 A

N-CNTs 288 F g�1,
1mA cm�1

PPy-NTs//N-CNTs 109
1.43

PPy@MnO3 composite 110 F g�1,
0.1 A g�1

PPy@MnO3//AC 58 F
0.5 A

PPy/SnO2 core/shell nanotube array 260 F g�1,
1 A g�1

PPy//MnO2 67.8
1 A

NG-3 film 455.4 F g¡1,
1 A g¡1

RGO/PPy-0.05//NG-3 86 F
1 A
RGO/PPy-y (y¼ 0, 0.01, 0.05 and 0.1) samples in Fig. S9a, the
enclosed area of CV curve for RGO/PPy-0.05 is the largest among
the four samples, indicating the highest specific capacitance.
Moreover, the CV profiles at variable scan rates (up to 100mV s�1)
display quasi-rectangular shapes, suggesting its high rate capa-
bility. According to the GCD curves (Fig. S9b), the specific capaci-
tance is calculated to be 460, 543.6, 740 and 670 F g�1 at the current
density of 1 A g�1 for RGO/PPy-0, RGO/PPy-0.01, RGO/PPy-0.05 and
RGO/PPy-0.1 respectively. The EIS analysis was conducted to eval-
uate the charge transfer and electrolyte diffusion behaviors, as
recorded in Fig. S9d. The steeper shape of the sloped line represents
an ideal capacitive behavior with the faster diffusion of ions in
electrolyte. The RGO/PPy-0.05 electrode maintains 94.7% of the
initial capacitance after 5000 cycles (Fig. S9f). The good electro-
chemical behavior can be ascribed to the good combination of the
two materials and the interconnected pore structure of the
electrode.

To achieve high energy density, an ASC device was assembled
using RGO/PPy-0.05 composite film as the positive electrode and
NG-3 film as the negative electrode (illustrated in Fig. S10a)
denoted as RGO/PPy-0.05//NG-3. To do this, the stable potential
window of each electrode was determined separately at first, using
a symmetrical two-electrode system in 0.5MH2SO4 at 20mV s�1.
CV curves in Fig. 4a and Figs. S10bec show that the NG-3 and RGO/
PPy-0.05 films can work steadily in �1~0 and 0e1 V, respectively.
When it is for RGO/PPy-0.05//NG-3 ASC device (Fig. 4b), the CV
curves achieve ideal rectangular shape when the operating po-
tential window is extended from 1.0 V to 1.7 V, reflecting excellent
capacitive behavior. This can be attributed to good matching and
combination of the two macro-porous electrodes. In Fig. 4c, all the
CV curves retain quasi-rectangular shapes without any obvious
redox peaks, when the scan rates increase from 5 to 200mV s�1.
This suggests good rate performance and good reversibility of the
device. As plotted in Fig. S10d, the near linear and symmetric GCD
curves with no obvious IR drops can be observed at different cur-
rent densities, indicating fast current/voltage response [52].
Impedance data in Fig. S10e with nearly vertical line at low fre-
quency and inconspicuous semicircle in the high frequency region
suggests high conductivity and rapid ion diffusion in the electrode
[53].

According to equation (1), the specific capacitances for the ASC
device are calculated based on the total mass of the electrodes,
which are 86, 80.6, 70, 62.9 and 51.8 F g�1 at current densities of 1,
2, 5, 10 and 20 A g�1 respectively (Fig. 4d). That is, capacitance
retention of 60.2% is observed. Further, the energy and power
densities are calculated according to the galvanostatic discharge
curves (based on equations (5) and (6)) and displayed in the Ragone
rks.

ice capacitance Es@Ps Electr-olyte Operating voltage Ref.

F g�1,
g�1

10.9Wh kg�1

@250Wkg�1
6.0M
KOH

0e1.0 V [17]

F g�1,
g�1

5.38Wh kg�1

@15000Wkg�1
6.0M
KOH

0e1.0 V [49]

F g�1,
g�1

21.4Wh kg�1

@453.9W kg�1
1.0M Na2SO4 0e1.6 V [52]

F g�1,
A g�1

28.98Wh kg�1

@998.56Wkg�1
1.0M
H2SO4

0e1.4 V [54]

g�1,
g�1

12Wh kg�1

@3000Wkg�1
0.5M
K2SO4

0e1.5 V [55]

F g�1,
g�1

27.2Wh kg�1

@850Wkg�1
1.0M Na2SO4 0e1.7 V [56]

g¡1,
g¡1

34.5Wh kg¡1

@849.8Wkg¡1
0.5M
H2SO4

0e1.7 V This work



Fig. 4. (a) CV curves of NG-3 film and RGO/PPy-0.05 composite film at a scan rate of 20mV s�1 and (bef) electrochemical performance of the asymmetric supercapacitor RGO/PPy-
0.05//NG-3: (b) CV curves at various potential windows at scan rate of 20mV s�1; (c) Nyquist plots for the asymmetric cell; (d) Specific capacitance and the corresponding
capacitance retention at different current densities; (e) Ragone plots; (f) Cyclic stability at a current density of 5 A g�1.
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diagram (Fig. 4e). The assembled ASC device shows a maximum
energy density of 34.5Wh kg�1 at the power density of
849.8W kg�1. When the power density increases to 17 kWkg�1, the
energy density becomes 20.8Wh kg�1 with a retention of 60.3%.
The result is better than those of other reported values (Fig. 4e),
hNCNCs (hierarchical nitrogen-doped carbon nanocages) sym-
metric SC (10.9Wh kg�1 at a power density of 250Wkg�1) [17], N-
CNFs-900 symmetric SC (5.38Wh kg�1 at a power density of
15 kWkg�1) [49], GO10/PPy//Activated carbon asymmetric SC
(21.4Wh kg�1 at a power density of 453.9Wkg�1) [52], PPy-NTs
(polypyrrole nanotubes)//N-CNTs (N-doped carbon nanotubes)
asymmetric SC (28.98Wh kg�1 at a power density of
998.56Wkg�1) [54], PPy@MnO3//Activated carbon asymmetric SC
(12Wh kg�1 at a power density of 3000Wkg�1) [55], and PPy//
MnO2 asymmetric SC (27.2Wh kg�1 at a power density of
850Wkg�1) [56]. Furthermore, the assembled ASC device
demonstrates excellent cycling stability with 97.4% of capacitance
retention over 5000 cycles at 5 A g�1 (Fig. 4f, Table 1), which is
comparable to those of other ASC devices.
4. Conclusions

In summary, we fabricated a novel porous free-standing gra-
phene aerogel film for high energy density supercapacitor. The
flexible film is composed of an NG aerogel upper part and a thin
layer of well-organized graphene sheets at the bottom. The key
point to the flexible and free-standing film is that, the graphene
sheets in the bottom layer are highly arranged forming aligned
macropores. Thus, the two parts can connect with each other
tightly, and enhance the mechanical properties of the film. Due to
the unique interconnected porous architecture and the effect of N
incorporation, the resulted NG-3 film exhibits a specific capacitance
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of 455.4 F g�1 and good rate performance. After 5000 cycles, the
capacitance shows no obvious loss. To further achieve high energy
density and evaluate the practical performance of the film, an ASC
device is assembled with NG-3 as negative electrode. A series of
RGO/PPy-y (y¼ 0, 0.01, 0.05 and 0.1) composite filmswere obtained
by a similar strategy to use as the positive electrode of the ASC
device, which show a similar two-layer microporous structure. The
ASC device operated under a potential range of 0e1.7 V reaches a
high energy density of 34.51Wh kg�1 at a power density of
849.77Wkg�1. The good energy storage performances can be
ascribed to the unique porous structure of both NG-3 film and RGO/
PPy composite film electrode, facilitating redox reaction kinetics in
interconnected macro-pores in both electrodes. This design opens
up a new pathway to create storage devices with outstanding po-
wer density and energy density for energy-based application.
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