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high performance supercapacitorst
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The development of high energy density and power density supercapacitors is very necessary in energy
storage and application fields. A key factor of such devices is high-performance electrode materials. In
this work, nitrogen and sulfur co-doped graphene aerogels (N/S-GA) were synthesized using graphene
oxide as the precursor and 2-mercapto-1-methylimidazole as both the reducing agent and the N/S
doping agent. The pore size distribution of the as-prepared N/S-GA was measured and the N/S-GA
possesses a hierarchical porous structure. As an electrode material of supercapacitors, the N/S-GA could
provide a suitable structure for charge accommodation and a short distance for ion transport. When 1-
ethyl-3-methylimidazolium tetrafluoroborate ([Emim]BF,) ionic liquid was used as the electrolyte, the
specific capacitance of the N/S-GA electrode material reached 212 F g~* and 162 F g~ at the current
densities of 1 A g7t and 10 A g7, respectively. And the energy density and average power density of the
N/S-GA based supercapacitor could reach 117 W h kg™t and 1.0 kW kg™t at 1 A g%, 82 W h kg™t and 9.5
kW kg™ at 10 A g% respectively. It is believed that the N/S-GA material can be used in high-

rsc.li/rsc-advances performance supercapacitors.

Introduction

With the fast-increasing market of electric vehicles and elec-
tronic devices, great efforts have been made for developing
efficient and clean electrochemical energy storage devices.">
Electrochemical double layer capacitors (EDLCs), also called
supercapacitors, are applicable in many fields due to their fast
charge-discharge rates, high power density, long cycle life, and
high safety.>® In general, the main electrode materials of EDLCs
are carbon materials, such as activated carbon, carbon nano-
tubes, mesoporous carbon, and graphene.®®

Graphene, a flat sheet of carbon with one atom thickness,
has many excellent properties such as light weight, high
stability, high conductivity, and high specific surface area,” and
thus has potential to fabricate high-performance super-
capacitors. However, graphene has some inevitable problems
that limit its practical application to supercapacitors. For
example, graphene sheets would be re-stacked during the
production process, resulting in the small pore sizes in the
graphene be insufficiently accessible to the electrolyte.'® The
specific capacitance of graphene is generally in the range of
100-200 F g, which is far lower than its theoretical value of
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550 F g '.'' A strategy to increase the specific capacitance of
graphene is to introduce heteroatoms into its lattice. When
carbon atoms in the graphene lattice are partly substituted with
heteroatoms, the capacitive performance of the materials can
be improved. Incorporation of heteroatoms into graphene can
tailor its electron donor properties, and accordingly regulate the
electrical and chemical performances of the surface.'”” Conse-
quently, this can decrease the charge transfer resistance,
improve the surface wettability, and enhance the capacitive
performance.® The heteroatoms, such as N, S, P and B, can
modify graphene by either single or dual doping.***® The single
heteroatom doping can merely enhance one aspect of the
properties, and the co-doping can improve many performances
of graphene due to their synergetic effect.””*® For instance, Yu
et al. studied the synergistic effect of heteroatoms co-doped
graphene.” Kotal et al*® prepared sulfur and nitrogen co-
doped holey graphene aerogel, which exhibited significantly
high volumetric capacitance (203 mF cm ) in the structurally
resilient solid-state supercapacitors.

In addition to the electrode materials, the electrolyte also
plays an important role in the performance of supercapacitors.
A variety of ionic liquids have been studied as the electrolyte
because of their wider electrochemical window than water and
organic solvents.”*>* For example, 1-ethyl-3-methylimidazolium
tetrafluoroborate ([Emim]BF,) has a relative wide electro-
chemical window and high electrical conductivity, and thus is
a promising electrolyte for fabricating high-performance
supercapacitors.”® Tian et al*® prepared graphene-like
nitrogen-doped carbon nanosheets as electrode materials and

This journal is © The Royal Society of Chemistry 2018
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used mixed ionic liquids as electrolyte; the specific capacitance
of the electrode materials was 162 F g~'. Huang et al.”’ used
hierarchical porous graphene carbon as electrode materials and
[Emim]|BF, as electrolyte to construct supercapacitors; the
specific capacitance of the electrode materials reached 196 F
g~ '. Song et al.*® synthesized diamine/triamine functionalized
graphene networks as electrode materials in [Emim]BF, elec-
trolyte, and the specific capacitance of the electrode materials
was 119 F g . Yu et al.* synthesized P/S co-doped graphene
aerogels as electrode materials and used [Bmim|BF, as the
electrolyte to prepare the supercapacitor; the specific capaci-
tance of the aerogels was 208 F g~ . Therefore, the EDLCs with
heteroatoms co-doped graphene as the electrode material and
ionic liquids as the electrolyte are a type of potential devices for
energy storage and application.

Herein, we report a one-step hydrothermal self-assembly
method for synthesizing novel nitrogen and sulfur co-doped
graphene hydrogels (N/S-GH), which were then freeze-dried to
obtain N/S-GA. The N/S-GA prepared under optimum condi-
tions possessed mesopores and macrospores, and thus had rich
electrochemical activity sites and defects. These features
endowed the as-prepared N/S-GA with remarkable capacitive
properties: a specific capacitance of 212 Fg'at 1 Ag~'. And the
N/S-GA based supercapacitor showed a high energy density of
117Whkg 'at1Ag "

Experimental
Synthesis of the GA and N/S-GA-x

Graphene oxide (GO) was synthesized from graphite (Aladdin
reagent Inc, Shanghai, China) using the modified Hummers'
method.” GH and N/S-GH was obtained by the hydrothermal
synthesis method and then was freeze-dried to obtain GA and N/
S-GA. Briefly, different masses of 2-mercapto-1-methylimidazole
(Aladdin Reagent Inc, Shanghai, China) were added respectively
into an aqueous solution (40 mL, 1 mg mL ") of graphene oxide
(GO) and ultrasonically treated for 10 min. Then the mixture was
transferred to a 100 mL Teflon lined autoclave and reacted at
200 °C for 12 hours. After cooling to room temperature, the ob-
tained hydrogels were washed with deionized water, and then
were dialyzed against water using dialysis membranes (retained
molecular weight: 500 Da) for 72 h to remove impurities
(deionized water was renewed once a day). The resulting samples
were named as GA (the mass ratio of 2-mercapto-1-
methylimidazole to the GO is 0.1) and N/S-GA-x (x is the mass
ratio of 2-mercapto-1-methylimidazole to the GO, x = 0.5, 1, 2, 5).

Characterization

The morphologies of the N/S-GA-2 were analyzed using trans-
mission electron microscopy (TEM, JEOL JEM-2100) and field-
emission scanning electron microscopy (FESEM, Zeiss Supra
40). The structures were characterized by X-ray diffraction (XRD,
Bruker D8 Advance) and Renishaw Raman spectrometer. And X-
ray photoelectron spectroscopy (XPS, ESCALab220i-XL) spectra
were recorded to analyze the chemical composition of the
materials. N, adsorption/desorption isotherms were measured
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on a Micromeritics ASAP 2020. The Brunauer-Emmett-Teller
(BET) method was used to obtain the specific surface area. The
pore size distribution was obtained using the Barrett-Joyner—
Halenda (BJH) model.

Experimental measurements

The active material (GA or N/S-GA-x), acetylene black, and pol-
ytetrafluoroethylene were mixed at a mass ratio of 85:10: 5 in
ethanol to form a mixture. The mixture was ultrasonicated for
about 30 min to obtain homogenous slurry. The slurry was
pressed onto the nickel foam and transferred to a vacuum
drying oven at 110 °C for 8 h, and then the treated nickel foam
was pressed with a pressure of 10 MPa. The mass of the active
material on every electrode was about 1.2 mg.

The test cell was a symmetrical two-electrode system with
[Emim]BF, as electrolyte. The punched electrode discs as both
the positive and negative electrodes were assembled in CR2032
coin cells. The assembling processes were operated in a glove
box. The electrochemical impedance spectra (EIS), galvanostatic
charge-discharge (GCD), and cyclic voltammetry (CV)
measurements were performed on a CHI660D electrochemical
working station (Shanghai Chenhua instrument Co., Ltd.,
China). The potentiostat/galvanostat tests were conducted on
a CT2001A battery test system (Lanhe, Wuhan, China).

The capacitance (C) of a cell (supercapacitor) is calculated
from the slope of the galvanostatic discharge curve (eqn (1)):

I x At
= AT 1)

where I is the discharge current (A), At is the discharge time (s),
and AU is the change in cell potential (V, excluding ohmic drop
IR). The specific capacitance of single electrode (Cyp, F g ) is
calculated from eqn (2):°

2¢C

o = 05m (2)

where m is the total mass of N/S-GA in two electrodes (a cell) ().
The energy density (E, W h kg™') and average power density (P,
kW kg™ ') of the supercapacitor are calculated from the eqn (3)
and (4):*°

_ CxAU? )

T 2xmx3.6

p_ 3600F [4)
At

Results and discussion

The morphologies of the N/S-GA-2 were investigated by FESEM
and TEM (Fig. 1). Fig. 1a, the N/S-GA-2 shows a 3D framework of
graphene sheets with macrospores. The distributions of
nitrogen and sulfur in the N/S-GA-2 are in Fig. S3.f The TEM
image of the N/S-GA-2 (Fig. 1b) reveals the crinkled structure
and fewer layers of graphene sheets. And the FESEM and TEM
images also indicate that the N/S-GA-2 contained hole defect
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Fig. 1 FESEM image (a) and TEM image (b) of the N/S-GA-2.

graphene sheets. The crinkled structure may be caused by the N
and S modified graphene lattices.

The porosity of the N/S-GA-2 was analyzed by nitrogen
adsorption/desorption isotherms. Fig. 2a shows the type IV
isotherm with an obvious hysteresis loop, indicating the exis-
tence of mesoporous in the N/S-GA-2.%° The isotherm of the N/S-
GA-2 shows a sharp uptake at relative pressures of 0.9-1.0,
which is attributed to the plenty of textural macropores in the N/
S-GA-2.** The porous size distribution curve calculated by using
the BJH method shows the presence of hierarchical pores in the
N/S-GA-2 (Fig. 2b). And the proportion of macropores distribu-
tion with a peak pore diameter of approximately 120 nm is
relatively higher than those of other pore diameters. This
indicates that the N/S-GA-2 based supercapacitors can be
charged and discharged fastly, and thus may possess a superior
rate capability.®® The Brunauer-Emmett-Teller (BET) specific
surface area of the N/S-GA-2 was 181 m*> g~ .

The XRD patterns of GO and N/S-GA-2 are shown in Fig. 3.
The GO pattern exhibits a sharp diffraction peak at 26 = 9.9°,
which is ascribed to the crystalline plane of GO.”* However, this
peak completely disappeared and a diffraction peak appeared at
24.8° for the N/S-GA-2, suggesting that GO was well conversed to
graphene.?”?* The peak of the N/S-GA-2 at 24.8° is relatively
weak and broad, indicating that grapheme sheets were much
disordered. This may be attributed to the formation of defects
and vacancies caused by heteroatom doping.

The chemical composition of the GA and N/S-GA-2 was
investigated by XPS. The results show that atomic percentages
of elements in the N/S-GA-2 were 86.36% C, 2.77% N, 10.99% O,
and 0.89% S. The GA had no S and N, and the contents (atomic
percentage) of N and S elements in N/S-GA-x (x = 0.5, 1, 2, 5)
were 2.03% and 0.6%, 2.5% and 0.74%, 2.77% and 0.89%, and
3.83% and 1.22%, respectively. Fig. 4a shows the full XPS
spectrum of the N/S-GA-2, and three main characteristic peaks
are observed at 286.3 eV (C1s), 402.8 eV (N1s), and 534.9 eV
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Fig. 2 N, adsorption/desorption isotherm (a) and pore size. Distri-
bution of the N/S-GA-2 (b).
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Fig. 3 XRD patterns of the GO and N/S-GA-2.

(O1s), respectively. There is also a weak peak at 165.1 eV, cor-
responding to S2p. The results indicate that the nitrogen and
sulfur were successfully doped into graphene lattice. The S2p
can be deconvoluted into four peaks at binding energies of
165.4 eV, 166.0 eV, 167.9 eV, and 169.3 eV (Fig. 4b). The peak at
165.4 eV is corresponding to S2p1/2. The peaks at 166.0 eV,
167.9 eV and 169.3 eV are deemed to be different oxidized sulfur
forms of C-SO,-C (x = 2-4) bonds.***** S2p1/2 of the C-SO,~-C
covalent bonds corresponds to the thiophene-S that is caused by
spin-orbit coupling.” And the C-SO,-C bonds are usually
formed at the edge of graphene.?” The results indicate that there
are a plenty of hole defective graphene sheets in the N/S-GA-2.
The high resolution N1s spectrum only has one peak at
402.4 eV (Fig. 4c), corresponding to the pyridine-N-oxide
group.*® Thus, we can speculate that the formation of C-SO,-C
and N-O bonds is ascribed to the redox reactions between the
oxygen-containing groups of GO and 2-mercapto-1-
methylimidazole.

Fig. 4d shows the Raman spectra of the N/S-GA-2 and GO,
with two wide peaks at 1340 cm ' and 1585 cm™ '
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Fig. 4 XPS scanning spectrum of the N/S-GA-2 (a), high resolution
XPS spectra of S2p (b) and N1s (c), and Raman spectra of the N/S-GA-2
and GO (d).
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corresponding to the typical D and G bands, respectively.*® The
D band corresponds to the degree of disorder in structure and
the G band associates with the first order scattering vibration of
sp2 hybridized carbon atoms.”® The intensity ratio of D to G
bands (Ip/lg) was used to analyze the amount of structure
defects.*® And the I,/I; value for the N/S-GA-2 is 1.03, which is
larger than that for GO, indicating that the N/S-GA-2 had more
defects on the graphene sheets. Consequently, the N/S-GA-2
based supercapacitor can storage more ions. It may be
ascribed to the substitution of C atoms with N and S atoms.*’

Next, we studied the performances of the supercapacitor
based on GA and N/S-GA-x as the electrode materials and
[Emim]BF, as the electrolyte. Fig. 5a illustrates CV curves of GA
and N/S-GA-x electrodes. The loop area of the N/S-GA-2 had the
maximum value, which corresponds to the largest specific
capacitance. We further investigated the GCD performances of
the GA and N/S-GA-x electrode (Fig. 5b). At the current density of
2 A g7, the specific capacitance values were 138, 177, 169, 201,
and 180 F g~' for GA and N/S-GA-x (x = 0.5, 1, 2, and 5),
respectively, showing that the N/S-GA-2 electrode had the
largest specific capacitance. Therefore, we further investigated
other electrochemical performances of the N/S-GA-2.

Fig. 6a shows the CV curves of the N/S-GA-2 electrode at
different scan rates. It can be seen that all the CV curves are
closed to the perfect rectangular loop and have a redox peak,
indicating that the charge storage mechanism is of the electrical
double-layer capacitance and pseudocapacitance,** and the
electrical double-layer capacitance contribution is far greater
than the pseudocapacitance. The CV curves remain the rect-
angular loop even at the scan rate up to 200 mV s~ ', showing an
excellent rate capability. It may be due to the vast macropores in
the N/S-GA-2, and the macropores could make the electrolyte
ions to get into/out the electrode quickly. The oxidation peak
(1.3-1.7 V) in Fig. 6a showed a polarization process, which was
caused by the redox reactions of nitrogen, sulfur, and residual
oxygen-containing functional groups in N/S-GA-2. In the process
of charging and discharging, the redox reactions would
contribute a pseudocapacitance to the supercapacitor. GCD
tests were used to further study electrochemical performances
of the N/S-GA-2 electrode. Fig. 6b shows charge/discharge
curves at current densities from 1 A g ' to 10 A g~ *. All the
curves are nearly linear and symmetric, indicating the ideal
electrical double-layer capacitance performance. The variation
of the specific capacitances at different current densities is

IS
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Fig. 5 Electrochemical performances of N/S-GA-x electrode (x = 0.1,
0.5, 1, 2, 5): (a) CV curves at 20 mV s, (b) GCD curves at current
density of 2 A g%
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Fig.6 Electrochemical performance of the N/S-GA-2 electrode in the
[Emim]BF, electrolyte: (a) CV curves at different scan rates, (b) GCD
curves at different current densities, (c) specific capacitances at
different current densities, (d) the Nyquist plots of supercapacitor (the
inset is Nyquist plots showing the imaginary part vs. the real part of
impedance).

shown in Fig. 6c. The specific capacitance values of N/S-GA-2
were 212,195, and 178 F g~ ' at 1, 2, and 5 A g, respectively.
And even at a current density of 10 A g, the specific capaci-
tance was also up to 162 F g ', showing an excellent rate
capability (the capacitance maintains 76.3% when the current
density expands 10 times). The specific capacitance of the N/S-
GA-2 at a current density of 1 A ¢~ ' in [Emim]BF, was higher
than that of the graphene aerogel in 5 M KOH (160 F g™ at
1 A g "), and slightly less than that of the N-doped graphene
aerogel in 1.0 mol L™" H,S0, (223 F g ' at 0.2 A g ).* For
comparison, some graphene composites materials and the
supercapacitors based on these materials in ionic liquids were
collected in Table 1. The specific capacitance of the N/S-GA-2
and the energy density of the N/S-GA-2 based supercapacitor
in this work are maximal. This can be interpreted according to
the structure characteristics of the materials. First, the excellent
electrochemical performances of N/S-GA-2 should be attributed
to its network structure and the sulfur and nitrogen co-doping.
The network structure with hole structure defective may offer
abundant ion-accessible surfaces, and the N/S co-doping can
provide much electrochemical active sites. Thus, the wettability
and electrical conductivity of the electrode material can
increase effectively. Second, the N/S-GA-2 contained hierar-
chical porous structure. The macropores decrease the diffusion
distance of the electrolyte ions to each pore, and the micropores
and mesopores provide large accessible surface area for the
charge accommodation and ion transport. The specific surface
area of the N/S-GA-2 can be used sufficiently. Consequently,
even if the specific surface area of the N/S-GA-2 was 181 m> g !,
it would exhibit an excellent electrochemical performance.
The specific capacitances reduced gradually with increasing
current densities (Fig. 6¢), which can be attributed to the fact
that the electrolyte ions have no sufficient time to diffuse into
the entire pores.** The voltage drops at the beginning of the

RSC Adv., 2018, 8, 18966-18971 | 18969
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Table1 Summary of electrochemical performances of some graphene composites electrode materials and the supercapacitors based on the

materials in ionic liquids as the electrolyte

Electrode materials Electrolyte ES® sc? E° Reference
Sulfur/phosphorus co-doping porous graphene aerogel [Bmim|PF¢ Three 208 88.5 19
Graphene-like nitrogen-doped carbon nanosheets [Emim]TFSI/[Emim|BF, Two 162 51 25
Hierarchical porous graphene carbon [Emim|BF, Two 196 83.1 26
Diamine/triamine functionalized graphene networks [Emim]BF, Two 119 51 27

Nitrogen and sulfur co-doped graphene aerogel [Emim|BF, Two 212 117 Current work

“ Electrode system. © Specific capacitance (F g~). ¢ Energy density (W h kg™?).
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Fig.7 Capacitance retentions vs. cycle numbers at the current density
of IAg™L

discharge are 0.019, 0.038, 0.091, and 0.176 Vat 1,2,5,10 A g™,
respectively, indicating that the equivalent series resistance (Rs,
a sum of the intrinsic resistance of the material, the ionic
resistance of [Emim|BF,, and the contact resistance between the
nickel foam and the material) of the supercapacitor was very
low, and thus the capacitive performance was excellent.

Electrochemical impedance spectroscopy (EIS) was used to
further understand the electronic and ionic transport process.>*
Fig. 6d shows the Nyquist plot by the frequency response
analysis at the frequency range from 100 kHz to 1 Hz. The R
value was calculated from the high frequency region truncation
of the plot by the real axis.”* The obtained value was 3.4 Q,
indicating the N/S-GA-2 had a low internal resistance and good
conductivity.*” The lack of obvious semicircle in the high
frequency indicates that the charge transfer resistance (R.) was
low.*® The result is in agreement with those from the CV and
charge/discharge analyses. The values of both R, and Ry were
very small, further indicating a highly effective ion-diffusion
and charge-transfer in the N/S-GA-2, and thus the super-
capacitor had an excellent rate capability.>»*” In addition, the N/
S-GA-2 based supercapacitor exhibited the capacitance reten-
tion of 66.3% after 1000 cycles at the current density of 1 A g~
(Fig. 7).

The energy densities (E) calculated from eqn (3) were 117,
106, 94, and 82 W h kg™ ' at the current densities of 1, 2, 5, and
10 A g7, respectively, and average power densities (P) calcu-
lated from eqn (4) were 1.0, 2.0, 4.9, and 9.5 kW kg™ " at the
corresponding current densities. This indicates that the
supercapacitor can provide a large energy density of

18970 | RSC Adv., 2018, 8, 18966-18971

82.0 W h kg ! even at a high average power density of 9.5 kW
kg~ '. In addition, Table 1 shows that the energy density value of
the supercapacitor is more than those of the graphene-based
supercapacitors reported previously.'*?*®

Conclusions

In summary, sulfur and nitrogen co-doped graphene aerogel
was synthesized by chemical reduction of GO using 2-mercapto-
1-methylimidazole as both the reducing agent and the doping
agent. The as-prepared N/S-GA-2 possessed hierarchical porous
structures, which is beneficial to charge accommodation and
the ion diffusion. Meanwhile, the structure of the N/S-GA-2 also
had a plenty of electrochemical active sites which can also
significantly enhance its electrochemical performances. The N/
S-GA-2 material exhibited a high specific capacitance of 212 F
g~ ', and the N/S-GA-2 based supercapacitor with [Emim]BF, as
the electrolyte showed a high energy density of 117 W h kg™ " at
1A g, and had a high energy density of 82.0 W h kg™ " even at
a high average power density of 9.5 kW kg~ '. We believe that the
N/S-GA-2 is a potential electrode material for high-performance
supercapacitors.
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