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ABSTRACT

In this work, the nitrogen doped graphene films with hierarchical network structures have been suc-
cessfully fabricated via a robust routine of adjusting the content of large- and small-sized reduced
graphene oxide (RGO) sheets in the graphene films, where the large-sized RGO sheets act as the back-
bone to form the well-connected network structures and small-sized RGO sheets act as the interlayer and
interpore linkers to connect the large-sized RGO sheets and large pores. A maximum capacitance of
429.7 Fg ! is obtained for the optimized RGO electrode with small-sized RGO content of 40 wt%, which is
61.9% improvement compared to the RGO electrodes with pure large-sized RGO sheets. While, the
specific surface area and electrical conductivity of the optimized RGO electrode are 36.1% and 26.2%
improvement compared to the pure large-sized electrode. Therefore, we attribute the improved capac-
itance primarily comes from the increasing of specific surface area due to the formation of fine hierar-
chical structures and the better connection of the network structures (the increasing of electrical
conductivity) for the optimized RGO electrode. Besides, the optimized RGO electrode exhibits good cycle,
rate performance, power and energy density compared to the previous carbon based supercapacitor.
Herein, we can precisely control the specific surface area and electrical conductivity of RGO electrode by
simply adjusting the content of large- and small-sized RGO, which may shed useful insight for the design
of high performance supercapacitors and Li-ion batteries.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

batteries to compensate the deficiency of power density for elec-
trochemical batteries. In general, electrochemical capacitors have

Supercapacitors, as a kind of electrochemical energy storage
system, have drawn substantial attentions due to their advantages
over conventional batteries, such as high power density and long
cycle life [1-3]. They can provide several times more power density
than that of the current state-of-the-art lithium-ion batteries due
to their fast surface-charge-storage process, which have been pro-
posed as one of the ideal energy storage candidates for fast energy
supply. Besides, supercapacitors can be used in combination with

* Corresponding author.
** Corresponding author.
E-mail addresses: liuaiping1979@gmail.com (A. Liu), yilunliu@mail.xjtu.edu.cn
(Y. Liu).

https://doi.org/10.1016/j.electacta.2018.12.071
0013-4686/© 2018 Elsevier Ltd. All rights reserved.

two categories, i.e. electrostatic double-layer capacitor (EDLC) due
to the charging and discharging of the electrical double layer at the
interface between the electrode and electrolyte [4], and electro-
chemical pseudocapacitor due to the reversible redox reactions of
the electrode materials [5].

With the continuous demanding of high performance energy
storage system, much research has been devoted to developing
high performance electrode materials that is one of the key factors
to determine the supercapacitor performance [6—8]. Chemically
modified graphene prepared by simple chemical treatment of
graphite [9,10], holds great promise for excellent electrode mate-
rials because of its superior properties, such as low-cost, easy mass
production, good electrical conductivity, exceptional surface area,
and long-term electrochemical stability [11—13]. However, the
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specific capacitance of graphene based EDLC reported before is
much smaller than the theoretical upper limit capacitance of gra-
phene sheet, namely 550 Fg'! [14—16]. Thus, the challenge is to
develop graphene related materials with well-connected network
structures and high specific surface area to fully explore the capa-
bility of the capacitance of graphene. Besides, the chemically
modified graphene has rich catalogues of functionalized groups
and the incorporation of heteroatoms into graphene is a promising
strategy to tune its electrical performance [17,18]. Liu et al.
distributed oxygen clusters in graphene framework with “paddy
land” structures which exhibit good capacitance and rate perfor-
mance [19]. Besides, a number of experiments have shown that the
incorporation of nitrogen (N) [20] and sulfur (S) [21] to graphene
can further tailor the chemical properties of graphene so as to
enhance the electrochemical performances through the reversible
redox reactions.

Graphene film, or graphene paper, is superior to many other
paper-like materials in layered structure. Various methods have
been proposed to fabricate graphene films, such as interfacial self-
assembly [22], spry-coating [23], blade-coating [24], layer-by-layer
assembly [25], evaporation-induced self-assembly [26] and filtra-
tion [27,28]. However, owing to the interlayer #-7 interaction, the
two dimensional graphene sheets is easy to stack into densely
packed structures during the fabrication process, which doesn't
fully utilize the large specific surface area of graphene sheet and
leads to the reduction of capacitance and rate performance of
graphene film electrodes. Yang et al. pointed out that the presence
of nonvolatile electrolyte can prevent the dense w-m stacking
structures [29]. Xiong et al. developed a feasible method to prepare
flexible large-area hierarchical porous graphene films for high-
performance supercapacitor electrodes by the blade-casting tech-
nique [30,31]. The hierarchical porous graphene films with inter-
linked and oriented structure exhibit high strength and excellent
toughness [32]. Recently, Shao et al. reported that the graphene
films fabricated by filtration and freeze-casting exhibit three
dimensional porous network structures. The porous network
structures can act as ion-buffering reservoirs and ion-transport
channels for electrochemical kinetic possesses [33]. The previous
studies mainly focused on preparing graphene films with relatively
uniform size of graphene sheets, and the obtained capacitance was
still smaller than the theoretical ideal capacitance of graphene
sheet. Few studies found the integration of large- and small-sized
graphene sheets can form hierarchical structures of graphene
films or fibers to enhance their mechanical, thermal and electrical
properties [34]. Besides, the well-connected network structures of
holely-graphene/niobia composite is found to exhibit fast ion
transport to achieve ultrahigh-rate energy storage [35]. But, in
these works the hierarchical structures of graphene electrode
weren't well controlled and the relation of structure-property for
graphene related electrode materials has not been comprehen-
sively explored. Therefore, it is very important to develop a simple
method to synthesize graphene electrodes with hierarchical
structures to explore the relation of process-structure-property of
graphene electrode materials.

In this work, we present a simple method to fabricate the ni-
trogen doped graphene films with well-connected hierarchical
structures through properly adjusting the content of large- and
small-sized graphene sheets in the films. The reduced graphene
oxide (RGO) sheets with nitrogen doping are prepared by chemical
reduction of graphene oxide (GO) with ethylenediamine (EDA) and
assembled to RGO films by combining the vacuum filtration and
freeze-drying methods. The optimized RGO films with proper
content of large- and small-sized RGO sheets have fine and well-
connected hierarchical structures, thus exhibiting higher specific
surface area, electrical conductivity, and more excellent capacitive

performances. Furthermore, the hierarchical RGO films reported
herein could also have promising potential for extensive applica-
tions, such as batteries, sensors and gas absorption.

2. Experimental
2.1. Synthesis of GO

Here, graphene oxide was synthesized by the oxidation of nat-
ural graphite powder according to the modified Hummers' method
[36]. Typically, 1 g graphite powder and 0.5 g NaNO3 were added to
the 25 mL concentrated H,SO4 in a round-bottom flask, and were
stirred for 2 h in an ice-bath. Then, 3 g KMnO4 was slowly added to
the mixture for further reaction of 2 h. Next, the round-bottom flask
was put to an oil-bath at 35+ 3°C and stirred vigorously for 2 h.
After dilution with 45 mL deionized (DI) water, the mixture was
reacted for further 30 min at 95 °C. After diluting with 28 mL DI
water and treating with 3.5 mLH,0,, it turned to bright yellow
color. Finally, the mixture was filtered and washed with HCI
aqueous solution and DI water until neutral. Large-sized graphene
oxide (LGGO) and small-sized graphene oxide (SMGO) were pre-
pared by oxidizing 325 mesh and 8000 mesh graphite, which
showed much larger size of LGGO (Fig. S1a) than that of SMGO
(Fig. S1b). The thickness of the as-prepared GO is about 0.75 nm
(Fig. S2), validating that monolayer GO sheets were obtained. Due
to the presence of functional groups in GO, its thickness is larger
than that of the pristine graphene (i.e. 0.34nm) [33]. All the
chemical reagents used in this work were analytical reagents
without further purification.

2.2. Synthesis of RGO film

In order to introduce nitrogen doping to the graphene sheet, the
GO is reduced by EDA. First, the as-synthesized GO was suspended
in N,N-dimethylformamide (DMF) to get homogeneous GO/DMF
dispersion with a concentration of 3 mg mL~!, and 30 mL GO/DMF
was mixed with 20 mL dehydrated EDA in a glass flask with mag-
netic stirring. Then, the mixture was refluxed in an oil bath at 85 °C
for 24 h [37]. Finally, RGO was obtained by filtrating the mixture
and repeatedly washing with DI water. Further analysis has shown
that nitrogen atoms have been successfully doped to the RGO sheet.
Large-sized reduced GO (LRGO) and small-sized reduced GO
(SRGO) were prepared by chemical reduction of LGGO and SMGO
with the same method.

The hierarchical RGO films were prepared by combining the
vacuum filtration and freeze-drying methods, as schematically
illustrated in Fig. 1. First, RGO films were obtained by vacuum
filtration of a certain amount of RGO dispersion through a cellulose
filter paper. The vacuum filtration was immediately stopped when
there is no RGO dispersion left on the filter paper. All RGO films
were prepared under the same condition to make sure the rema-
nent water left in the wet RGO films is the same for all of the
samples. After the filtration, the wet RGO films were immediately
peeled off from the filter paper and placed into the freeze dryer
at —60°C to freeze the water in the RGO films. Because of the
continuous growth of ice crystal, the well-connected network
structures in the RGO films were formed. Then, the network
structures were kept by directly sublimating the water from the
RGO films. In order to get the hierarchical RGO films, RGO disper-
sions with different compositions of LRGO sheets and SRGO sheets
were used to synthesize RGO films, denoted as RGO-X (X represents
the weight percent of SRGO sheets in the RGO films, ranging from
0 to 100). Note that LRGO and SRGO are uniformly distributed in
water by stirring, and is immediately filtrated in less than one
minute. In order to confirm the uniform distribution of LRGO and
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Fig. 1. Schematic illustration of the synthesis process of hierarchical RGO film.

SRGO in the RGO electrode, we have also tried the filtration with a
constant stirring through a rotor (300 rpm/min) [38] and found
their capacitances are similar. Thus, we think the dispersion of
LRGO and SRGO is pretty good. Here, the LRGO sheets act as the
backbone to form the large porous network structures and SRGO
sheets act as the interlayer and interpore linkers to connect the
LRGO sheets and large pores, as shown in Figs. 1 and 2(b). Therefore,
it is expected that the specific surface area, electrical and ionic
conductivity can be enhanced by adding proper content of SRGO
sheets to LRGO sheets to form hierarchical RGO films, which is

19 pm

beneficial to improve their capacitive performance. By optimizing
the content of SRGO sheets, the maximum capacitance of RGO
electrodes is achieved.

2.3. Structural characterization

The microstructure and morphology of RGO films were char-
acterized by field emission scanning electron microscopy (FE-SEM,
Zeiss GeminiSEM 500) and transmission electron microscopy (TEM,
FEI F20). Atomic force microscope (AFM) observation was carried

Fig. 2. SEM images of the cross section of RGO films with different content of LRGO and SRGO. (a) RGO-0, (b) RGO-40, (c) RGO-100. TEM image of RGO, (d, e) Low-magnification and

(f, g) high-magnification. (h) Digital image of the flexible RGO film.
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out on Oxford MFP-3D Classic to characterize the thickness of GO
sheets. The electrical conductivity of RGO films was measured by
the four-point probe conductivity measurement (ST2722-SD). X-
ray diffraction (XRD) was performed using Bruker (Bruker D8A
A25) diffractometer with Cu-Keo radiation. X-ray photoelectron
spectroscopy (XPS) was conducted on the ThermoFisher K-Alpha
system to investigate the chemical compositions of GO and RGO.
Fourier transform infrared (FTIR) spectra were performed on
Nicolet Nexus 410 with KBr pellet method. The N, adsorption-
desorption isotherms of the RGO films were measured at 77K us-
ing ASAP 2020 instrument (Micromeritics) to characterize the pore
size distribution. While, the specific surface area of the RGO films
was measured by methylene blue (MB) dye adsorption method. The
surface area was calculated by assuming the covering area of each
absorbed microgram MB is 2.54 m? [39].

2.4. Electrochemical characterization

The electrochemical experiments of RGO electrode were carried
out in the three-electrode system and two-electrode symmetric
cell. In the three-electrode system, the RGO films were placed be-
tween two nickel foams to serve as the working electrode and the
mass loading of the active materials in the working electrode was
about 0.25 mg cm~2. Note that although the dry RGO films exhibit
good flexibility, they become brittle and loose after being placed in
electrolyte for a long time as the electrolyte ions may insert into the
graphene layers to make the RGO films swell. Therefore, the RGO
electrode were placed between two nickel foams. One of our
ongoing work is to prepare high performance flexible super-
capacitor. Platinum plate, Hg/HgO electrode and 6 M KOH were
served as the counter electrode, reference electrode and electrolyte,
respectively. For the two-electrode symmetric setup, the electrodes
were assembled in CR2032 cell with aqueous (6 M KOH) and
organic electrolyte (2.0M 1-ethyl-3-methylimidazolium
(EMIMBE,) in acetonitrile (AN)). Cyclic voltammetry (CV), galva-
nostatic charge/discharge (GCD) and electrochemical impedance
spectroscopy (EIS) tests were performed using electrochemical
workstation (RST 5200F) at room temperature. EIS tests were per-
formed in the frequency range of 10 mHz—100 kHz with an AC
amplitude of 5 mV.

For the three-electrode system, the specific capacitance of
electrodes (Cs, F g~') were calculated from the charge/discharge
plots as [7].

G =1xAt/AV xm (1)

where [ is the constant discharge current, At is the discharge time,
AV is the discharge voltage, and m is the mass of the RGO films.

For the two-electrode symmetric cell, the specific capacitance Cs
was calculated as [40].

C=2xIxAt/AV xm (2)

where m is the mass loading of the active material in one electrode.
Energy density E (Wh kg~1) of the cell was calculated as

E:CSxAV2/2x4><3.6 (3)

And the average power density P (W kg~!) of the cell was
derived as

P = E x 3600/At (4)

3. Results and discussions
3.1. Structural characteristics

Indeed, the microstructures of RGO films play an important role
in determining their capacitive performance. Therefore, SEM ob-
servations were carried out to characterize the cross section of the
RGO films consisted of only LRGO, 40 wt% SRGO and only SRGO
sheets, as shown in Fig. 2(a)—(c), respectively. All RGO films exhibit
honeycomb-like structures with well-connected networks, indi-
cating that the pores formed by the continuous growth of ice
crystals were kept during freeze-drying process. The pore size of
the RGO film with only LRGO sheets (RGO-0) is about several tens of
micrometer, while that of the RGO film with only SRGO sheets
(RGO-100) is about several micrometer, as shown in Fig. 2(a) and
(c). In contrast, the RGO films consisted of LRGO and SRGO sheets
(e.g. RGO-40) exhibit hierarchical porous structures due to the
interpore connection of SRGO sheets in the large pores. Besides, it
will be shown that the specific surface area, electrical and ionic
conductivity of the optimized RGO films are larger than those of the
RGO films with pure LRGO or SRGO sheets. The intercalated SRGO
between LRGO sheets is beneficial to enhance the connection of
LRGO sheets and specific surface area of RGO films. TEM images of
RGO sheets (Fig. 2(d) and (e)) indicate that there are many crum-
ples. Here, the formation of mesopores is attributed to the wrinkled
of graphene sheets [41] and gap between adjacent graphene sheets.
The typical sixfold symmetry diffraction pattern reveals good
crystallinity of RGO. The high-resolution TEM images shown in
Fig. 2(f) and (g) exhibit clear lattice fringes and disorder regions.
The lattices and the diffraction pattern provide further evidences
for nearly complete reduction of GO. Besides, the RGO films ob-
tained in this work have good flexibility, which promises their
applications in flexible electronics, as shown in Fig. 2(h).

FTIR spectra ranging from 4000 to 600 cm~' (Fig. 3(a) and
Fig. S3) were carried out to characterize the chemical bonding
states of the RGO and GO samples. Typically, the peaks at about
3400cm~! and 1390 cm™! are ascribed to the vibration of —OH
stretching [42]. While, the peaks located at 1630cm~! and
1050 cm™~! correspond to the stretching of —C=0 and —C—0 bond,
respectively. Furthermore, the C—N bond stretching is observed at
1342cm™! in the RGO samples [43], revealing the successful
incorporation of nitrogen atoms into the RGO sheets. Previous
studies have shown that RGO can be prepared by EDA chemical
reduction of GO in DMF dispersions [37].

To confirm the deoxygenation and nitrogen doping in RGO
sheets by EDA reduction, XPS is carried out to characterize the
chemical compositions of RGO and GO sheets. In the XPS survey
scan spectra under binding energy from 0 to 1200 eV, the O1s peak
for RGO sheets is significantly decreased compared to that of the GO
sheets, which indicates successful reduction of GO, as shown in
Fig. S4(a) and (b). Further element analysis in Fig. 3(b) shows that
all of the RGO films reduced by EDA exhibit three peaks, i.e. C1s,N1s
and O1s, while only C1s and O1s are observed in GO samples. The
XPS results demonstrate nitrogen atoms have been successfully
introduced in RGO sheets. As shown in the high resolution C1 XPS
spectra of GO and RGO sheets (Fig. S4(c) and (d)), the intensities of
C—0 and C=O0 in RGO sheets are much smaller than those in GO
sheets, suggesting the successful deoxygenation in the reduction
process. The appearance of C—N spectra (285.7 eV) indicates the
incorporation of nitrogen atoms in RGO sheets. The deconvolutions
of C1s spectra for all RGO films (Fig. 3(c) and Fig. S5) are well fitted
by C—C (at~284.8 eV), C—N (at~285.7 eV), C—0 (at~286.8 eV), C=0
(at~287.8eV), and O=C—C (at~288.7eV) spectra [43]. Fig. 3(d)
presents the high resolution N1 XPS spectra for the optimized RGO
film (RGO-40), which shows that N1s spectra is comprised of four



258 E Dang et al. / Electrochimica Acta 298 (2019) 254—264

-]

—GO
—RGO
s
3 2
E \ [=
]
9
=
]
E
= /,—/\\
w2
=
I
Rt
= <
(2]
G
Lol

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

(<]

Intensity (a.u.)

278 280 282 284 286 288 290 292 294 296
Binding Energy (eV)

=

——RGO-0
——RGO-20
Cls ——RGO-40
——RGO-50
= ——RGO-60
< ——RGO-80
ot RGO-100
3’ Nis Ols -
z
3 NMMW
= o e S D SN
L]
et stvasastns st et firersncian)
[rre Ao,
A 1 it
[ | i
0 200 400 600 800 1000 1200
Binding Energy (eV)

Intensity (a.u.)

394 396 398 400 402 404 406 408 410
Binding Energy (eV)

Fig. 3. (a) FTIR spectrum of LRGO and LGGO sheets. (b) XPS spectra for all RGO films with different content of LRGO and SRGO, (c) C 1s and (d) N 1s XPS spectra of the optimized RGO

film.

components, revealing that there are four bonding states for ni-
trogen atoms in RGO sheets. The four bonding states are respec-
tively assigned to pyridinic N (N-6 at~398.7eV), pyrrolic N (N-5
at~399.9eV), quaternary N (N-Q at~401.0eV) and oxidized N (N-X
at~402.3eV) [18,44]. N-5 and N-6 are the predominant bonding
states (Fig. S6). Indeed, both of the N-doping content and type have
the same importance on the capacitance. Owing to the excellent
electron donor characteristics and enhanced carbon catalytic ac-
tivity in electron-transfer reactions, the N-5 possesses higher
charge mobility and leads to the significant improvement of
capacitance [45]. The N-6 can generate great pseudocapacitance
and enhance the electrical conductivity, leading to enhanced
capacitive performance [46]. N-6 and N-Q bond with two and three
sp? C atoms, respectively, can donate one pair of electrons to the
conductivity of t-system, which results in the enhancement of the
conductivity of RGO films [47,48]. Besides, the distributed N atoms
can provide the RGO films with both active sites and good wetta-
bility [47]. Moreover, N-Q groups can improve its interaction with
the anions in the electrolyte and promote the formation of electric
double layer, resulting in enhanced capacitance [49,50]. Therefore,
the introduction of N atoms can have positive effect on the elec-
trochemical performance. A quantitative analysis of the chemical
elements for all of the RGO films is summarized in Table S1. It is
shown that the RGO films with different content of LRGO and SRGO
have the similar chemical compositions, and the N-6 and N-5
doping type are the predominant bonding states. Besides, further
XRD measurements of the RGO and graphite sheets were con-
ducted to show good crystallization (Fig. S7). The GO sheets exhibit
a typical diffraction peak (001) at around 11.6° due to the oxygen-
containing functional groups. While, the XRD patterns of RGO
sheets present a board “graphene” peak, which further confirms
the reduction of GO sheets [33].

The electrical conductivity of the RGO films with different
content of LRGO and SRGO is measured at the room temperature, as
shown in Fig. 4(a). It is shown that the electrical conductivity first
increases and then decreases as the increasing of SRGO content, and
the maximum electrical conductivity of 710Sm™! is obtained at
SRGO content 40 wt%, which is 26.2% enhancement compared to
the RGO film made of pure LRGO sheets. MB dye adsorption method
is used to investigate the specific surface area of RGO films, as
shown in Fig. 4(a). The specific surface area has the similar trend
with that of the electrical conductivity, and the maximum specific
surface area of 445 m? g~ ! is also reached at SRGO content 40 wt%,
which is 36.1% enhancement compared to the RGO film made of
pure LRGO sheets. This is because proper fraction SRGO sheets can
serve as the interlayer and interpore linkers to connect LRGO sheets
and large pores, which on the one hand improves the connection
quality of LRGO sheets to enhance the electrical conductivity of
RGO films, and on the other hand generates hierarchical porous
structures to enhance the specific surface area. While, large fraction
of SRGO sheets disrupt the network structures of LRGO sheets so as
to decrease the electrical conductivity and specific surface area of
RGO films. The specific surface area and electrical conductivity of
RGO films can be quantitatively adjusted by changing the content of
LRGO and SRGO sheets. Here, the specific surface area is improved
by the formation of fine hierarchal structures and the electrical
conductivity is improved by the well-connection of the network
structures. Nitrogen adsorption-desorption isotherm is performed
to further investigated the pore size distribution for the optimized
RGO film (RGO-40), as Fig. S8 shown. The test shows that the RGO-
40 film exhibits a Brunauer-Emmett-Teller specific surface area of
about 89 m? g~ . The pore size distribution calculated based on the
nonlocal density functional theory (NLDFT) model is given in
Fig. 4(b), which shows hierarchical porous structures of the RGO-40



E Dang et al. / Electrochimica Acta 298 (2019) 254—264 259

S
n
>

a T T T
700 /'
‘_

500 |

1

E 400}
4250

Electrical conductivity (S m™)
w
2

8 ) eaxe ddeyIns dYradg

(

300 L L n s L L
0 20 40 60 80 100

Weight percent of SRGO (%)

200

0.030

-1
nm 9)
=3
|34
W
L]

~0020fF [

g

0.015

(cm®

=

.010

] V\wxw

1 10 100
Pore size (nm)

dv/aw

Fig. 4. (a) The specific surface area and electrical conductivity of the RGO films with different content of LRGO and SRGO. (b) The pore size distribution of RGO-40 film.

film. Note that the specific surface area of graphene films is usually
smaller than that of three dimensional graphene materials, but the
specific surface area is not the only factor to determine the
capacitance [51,52]. The optimized RGO-40 film exhibits larger
specific surface area than the previous holey graphene film, thus
has larger capacitance [53,54].

3.2. Electrochemical performance

The RGO films are expected to be the promising electrode ma-
terials of supercapacitor due to their unique advantages, such as
high specific surface, well-connected network structures and ni-
trogen doping. Here, we adopt CV, GCD and EIS tests to investigate
the electrochemical performance of RGO films with different con-
tent of LRGO and SRGO sheets. The CV curves of the optimized RGO
film (RGO-40) at various scan rates from 10 to 90mV s~ ! in the
voltage window of —1.0 to OV are displayed in Fig. 5(a), which
exhibit quasi-rectangular shapes with small humps. Here, the de-
viation from standard rectangular shape is attributed to the faraday
pseudo-capacitance caused by the nitrogen doping and residual
oxygen functional groups in the RGO sheets [55]. In addition, the CV
curve of RGO-40 film at high scan rate, e.g. 500 mV s~ still main-
tains a similar rectangular shape, revealing excellent rate perfor-
mance (Fig. S9). Like RGO-40 film, the CV curves of other RGO films
also exhibit quasi-rectangular shapes at scan rate from 10 to
500mVs~! (Figs. S10 and S11). The GCD plots of the RGO-40
electrode at various current densities from 1 to 30Ag™' are
shown in Fig. 5(b), based on which the specific capacitance is
evaluated. The curves also slightly distort from the triangular shape
for ideal EDLC due to the heteroatom caused pseudocapacitance
[56]. But, the triangle-like GCD curves further prove the reversible
capacitive behavior of RGO films.

Fig. 5(c) presents the CV curves of the RGO films with different
content of LRGO and SRGO sheets at scan rate 50 mV s~!, which
clearly demonstrates that the RGO-40 film has the largest enclosed
area corresponding to the largest capacitance. Fig. 5(d) shows the
relation between the specific capacitance and SRGO content at the
current density 1A g~'. The specific capacitance first increases and
then decreases as the increasing of SRGO content. The maximum
specific capacitance 429.7 F g~ is obtained at SRGO content 40 wt%,
which is 61.9% enhancement compared to that of RGO film with
pure LRGO sheets. The relation of the specific capacitance to SRGO
content agrees well with that of the electric conductivity and
specific surface area, see Figs. 4(a) and 5(d). Besides, chemical
element analysis shown in Table. S1 has proved the similar nitrogen
doping type of the RGO films with different content of SRGO.
Therefore, compared to RGO-0 electrode, the enhanced capacitance

of RGO-40 electrode primarily comes from the enhanced specific
surface area (i.e. 36.1% enhancement in specific surface area due to
the formation of fine hierarchical structures) and the well-
connection of the network structures (i.e. 26.2% enhancement in
electrical conductivity). While, RGO-100 electrode has the smallest
electrical conductivity (340Sm~!) and specific surface area
(261 m? g 1), leading to the smallest specific capacitance. In this
work, we can precisely control the specific surface area and elec-
trical conductivity of RGO electrode by simply adjusting the content
of LRGO and SRGO sheets in the RGO films, which provides a robust
routine to tune the capacitance of RGO electrodes.

Fig. 5(e) describes the relations between the specific capacitance
and current density for all RGO films based on GCD tests. Typically,
the specific capacitance decreases as the increasing of current
density. Among the RGO films, RGO-40 electrode is superior to
other RGO electrodes in term of the rate performance, and the
capacitance decreases from 429.7 Fg~! to 339.9 Fg~! as the current
density increases from 1Ag~! to 30Ag~L The 79.1% capacitance
retention demonstrates the good rate performance of RGO-40
electrode due to the fast ion transfer (hierarchical porous struc-
tures) and electron transfer (well-connected network structures).
Indeed, the hierarchical porous structures can supply ion-buffering
reservoirs and ion-transport pathway to enhance the ionic con-
ductivity of the RGO electrodes as will be shown in the following
content. For comparison, the specific capacitance of the graphene-
based materials published in the previous literatures is summa-
rized in Table S2. The optimized RGO film developed in this work
has a relatively large specific capacitance. In practical applications
of supercapacitors, cycle stability is another crucial factor to eval-
uate the performance of the electrode materials. Electrochemical
stability of RGO-40 electrode is performed under a constant charge/
discharge current density of 5A g~! for 10,000 cycles at room
temperature. RGO-40 electrode exhibits excellent cycle stability
with the capacitance retention of 91.16% (Fig. 5(f)).

The EIS spectrum is an important indicator to evaluate the ion
transfer resistance of the RGO films. Fig. 6(a) presents the EIS curves
for all of the RGO electrodes and the magnification at the high
frequency region is shown in Fig. 6(b), which exhibit straight lines
at low frequency region and deformed semicircles at high fre-
quency region. In order to further understand the electrochemical
behaviors of all electrode, the EIS data is fitted to an equivalent
circuit model shown in the inset of Fig. 6(a) by adopting Z-view
software, where R represents the intrinsic ohmic resistance
calculated by the intercept between the Nyquist plot and Z’ axis, Rt
represents interfacial charge transfer resistance derived as the
difference between the end point of the semicircle region of
Nyquist plot and Rs in Z’ axis, Ry, represents the Warburg diffusion
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resistance determined by the difference between the start point of
the straight line at low frequency region and the end point of the
semicircle region at high frequency region in Z’ axis, see Fig. S12(a)
[40]. R¢r mainly comes from the electronic and ionic resistance at
the interface between the electrode and electrolyte, which is
mainly determined by the wettability between the electrolyte and
electrode, the morphology and conductivity of electrode. Rwo
comes from the resistance of ion diffusion from electrolyte into the
electrode. The optimized RGO-40 electrode has the smallest R
(0.248 Q), Rct (0.292 Q) and Ry, (0.04 Q) values, representing 31%,
44.8% and 70.1% reduction, respectively, compared to the RGO
electrode made of pure LRGO sheets, see Fig. S12(b). This reveals
that the RGO-40 electrode exhibits the highest ability of the charge
transfer and ion migration in the porous structures. The hierar-
chical and well-connected network structures of the RGO-40 film
are beneficial for the electrolyte ion transfer, which is favorable for
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the excellent rate performance of the RGO-40 electrode.

In order to confirm the energy and power density of the RGO-40
electrode, the CV and GCD tests were carried out in a two-electrode
symmetrical cell with 6 M KOH aqueous electrolyte. Fig. 7(a) de-
picts the CV plots of the RGO-40 symmetric cell at different scan
rates from 10 to 90mV s~ The CV curves of the two-electrode
system also show almost rectangular and symmetric shapes.
More CV plots at larger scan rates from 100 to 500 mVs~! are
shown in Fig. S13 and the similar rectangular shapes are observed.
The GCD plots at various current densities are presented in Fig. 7(b).
All curves exhibit fast current-voltage response and symmetric
triangular shape, which reveals high columbic efficiency of the
RGO-40 based symmetric supercapacitor [16].

Fig. 7(c) displays the specific capacitance of the RGO-40 based
symmetric supercapacitor obtained by the GCD curves at various
current densities. The specific capacitance of the symmetric cell at
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1A g~ 'is about 391.9 Fg~!, which is lower than the value obtained
in the three-electrode system (429.7 Fg~!) as in KOH electrolyte
one of the electrode works in the voltage window of —0.5-0V
which usually exhibits smaller capacitance [57]. Indeed, the mass
loading is an important factor and the specific capacitance of film-
like electrode usually decreases as the increasing of the film
thickness due to the increased resistance of electron and ion. The
RGO-40 electrode presented in this work has the moderate loading
mass, but the highest specific capacitance among the previously
reported carbon based electrodes, as shown in Fig. 7(d). Indeed, we
didn't find the decay of the specific capacitance as the increasing of
RGO-40 electrode thickness due to its well-connected hierarchical
network structures. However, for thick RGO-40 film it becomes
brittle and is hard to fabricate the RGO-40 electrode without
damage. Therefore, one of our ongoing work is to increase the
flexibility of the RGO films with hierarchical network structures to
improve the loading mass of the RGO electrodes.

According to the above GCD tests, the energy and power density
of the RGO-40 based symmetric supercapacitor are calculated
based on Eqs. (2)—(4). The Ragone plot of the RGO-40 based sym-
metric supercapacitor in aqueous electrolyte is shown in Fig. 7(e).
In general, the energy density of the supercapacitor decreases as
the increasing of power density due to the electrical and ionic
resistance. However, for the optimized RGO-40 films, the well-
connected network and hierarchical porous structures lead to
very small electrical and ionic resistance, so that its energy density
is 13.61 Wh kg~ ! for power density of 250 W kg~! and the energy
density is still 10.99 Wh kg~! for the power density increasing to
2.43kW kgL The comparison of the energy density and power
density for the RGO-40 based symmetric supercapacitor and other
carbon based symmetric supercapacitor in aqueous electrolytes are
presented in Fig. 7(f). The results further demonstrate the good

capacitive performance of RGO films based supercapacitors by
properly adjusting their microstructures and heteroatom doping.

In order to achieve higher energy density, RGO-40 based
supercapacitors in organic electrolyte were further tested to eval-
uate their electrochemical performance. The operating voltage of
the supercapacitor with organic electrolyte can be extended to
2.7V, as shown in Fig. 8(a) and (b). The RGO-40 electrodes deliver a
high specific capacitance of 336.7 Fg~! in EMIMBEF,4/AN electrolyte
at current density of 1A g~ (see Fig. 8(c)) due to the well-connected
network and hierarchical porous structures of RGO-40 electrode.
The specific capacitance retains 59.9% when the current density
increases 30A g~ !, which is smaller than that in aqueous electrolyte
because of the relatively lower ion-diffusion in organic electrolyte.
Owing to a higher operating voltage, RGO-40 based supercapacitors
in organic electrolyte deliver an energy density of 85.2 Wh kg™ ! ata
power density of 675 W kg~! as shown in Fig. 8(d). Furthermore,
the supercapacitors can achieve an energy density of 63.5 Wh kg™
at a power density of 6.35 kW kg .. Indeed, we have also reviewed
the capacitance of graphene related electrodes in organic electro-
lyte and the comparison of the capacitance is shown in Table S3 and
the capacitance of RGO-40 electrode is closed to the largest value of
the holey graphene related electrode in organic electrolyte.

4. Conclusions

In conclusion, we have fabricated the nitrogen doped RGO films
with well-connected hierarchal structures by combining the vac-
uum filtration and freeze-drying methods. The specific surface area
and electrical conductivity of RGO films can be precisely controlled
by adjusting the content of LRGO and SRGO sheets in the RGO films,
where LRGO sheets act the backbone to form the network struc-
tures and the SRGO sheets act as the interlayer and interpore
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connectors to connect the LRGO sheets and large pores. A
maximum specific capacitance of 429.7 Fg~! at current density 1A
g~ 1is achieved for the optimized RGO film at SRGO content of 40 wt
%, which is 61.9% improvement compared to the RGO films with
pure LRGO sheets. Meanwhile, the specific surface area and elec-
trical conductivity of the optimized RGO film also reach the
maximum values that are 36.1% and 26.2% improvement compared
to RGO film of pure LRGO. Therefore, the improved capacitance
primarily comes from the increasing of specific surface area due to
the formation of fine hierarchical structures and the better
connection of the network structures (the increasing of electrical
conductivity) for the optimized RGO electrode. Besides, the opti-
mized RGO-40 electrode shows excellent cycle, rate performance,
power and energy density. The facile strategy for synthesizing the
RGO films with hierarchical structures presented herein could
provide more opportunities for a variety of energy storage appli-
cations of graphene related materials, including supercapacitors
and Li-ion batteries.
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