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Abstract:  Control of the three-dimensional (3D) pore structure of all-carbon Cg,/graphene hybrids was conducted by introducing
C, molecules into graphene laminates by a simple hydrothermal method to improve their performance as electrodes in supercapaci-
tors. Results indicate that the strong -7 interaction between carbon hexagons in Cq, and graphene skeletons favors the self-assembly
of the 3D pore structure of the C,,/graphene hybrids under hydrothermal conditions. The addition of C,, molecules gives the hybrids
a hierarchical pore structure and redox-active sites, which contribute remarkably to the improved electrochemical performance. A
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specific capacitance of 332.3 F-g~' at a current density of 1 A-g~' was obtained in a 6 mol-L ™' potassium hydroxide solution for a
hybrid optimized by an orthogonal experimental design method, which is 54.5% higher than that of the graphene without Cy,. This
finding indicates that the all-carbon hybrids may be used as more competitive and promising electrodes for the fabrication of high per-
formance supercapacitors.
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1 Introduction

As a novel type of energy storage devices, su-
percapacitors have been catching the eyes of scientific
communities over the years owing to their distinguis-
hing features of fast charging/discharging rate, long
cycle life and high-power density“‘Q-. According to
the mechanisms of energy storage, electrochemical
supercapacitors can be classified in the types of elec-
trical double-layer capacitors ( EDLCs) and pseud-
ocapacitors. The EDLCs store energy by virtue of the
adsorption of both cations and anions, whereas the
pseudocapacitors via fast surface redox reactions of
the electroactive materials>*'. It s well known that
the electrode materials adopted intimately determine
the performance of supercapacitors, which meets the
demands for practical applications. Therefore, with
the increasing desire for high performance supercapac-
itors, great efforts were devoted to improving and de-
veloping novel electrode materials in recent
years > ! Tt is strongly desired that a promising elec-
trode material should possess such features as high
electrical conductivity for rapid electron transfer, open
hierarchical porous structure, superior wettability for
the diffusion and access of electrolyte ions, low cost
and availability.

Owing to its unique two-dimensional (2D )
structure and outstanding mechanical, thermal, and
electrical properties''”"'"’ | graphene has been attrac-
ting tremendous attention since its discovery. Gra-
phene-based hybrids have also been extensively stud-
ied because of the distinguished electrochemical per-
formance presented when used as electrode materials
of supercapacitors' > '®/. Especially hybrids with a
three-dimensional (3D) structure achieved through a
green hydrothermal process are more desirable than
the basic 2D structured ones, due to the large specific
surface area offered and the rapid access of electrolyte
ions in the unique 3D graphene network. More stud-
ies have been therefore concentrated on 3D graphene-
based hybrids recently, and considerable progresses
have been consequently achieved''” "/,

As one of the important allotropes in carbon fam-
ily, fullerene, typically C,,, has a cage structure con-
sisting of pentagonal and hexagonal rings of carbon
atoms. The particular structure of C,, makes it easy to
interact with graphene by -1 conjugated system pos-
sessed by both C,, and graphene. Furthermore, C,
has exhibited lots of excellent properties, especially
its good electrochemical performance' ™ **/. On the

other hand, the all-carbon hybrids or composites ex-
hibits more advantages compared to those noble mate-
rials loaded graphene materials, ie. more light-weigh-
ted, less environmentally-consumed, more afford-
able, and easily fabricated”’ > " '8/ Therefore,
combining the advantages of two allotropes of carbon
and developing a novel hybrid comprising all-carbon
element are of great significance and interests. It was
recently reported by Thirumalraj et al. that electro-
chemical reactive C,-GO nanocomposite was synthe-
sized by a simple sonication of Cg, with a graphene
oxide (GO) aqueous solution, and applied to the sen-
sitive detection of dopamine”ﬂ. And Yang et al re-
ported the successful fabrication of reduced graphene
oxide-wrapped fullerene wires via an assembly of re-
duced GO and fullerene by employing the liquid-lig-
uid interfacial precipitation method'® . Besides, a
new strategy to combine C,, with graphene for the
preparation of FA-GO-PEG/C,, nanohybrid was pro-
posed by Hu et al by conjugating folic acid (FA) and
polyethylene glycol ( PEG) onto graphene oxide
(GO) via an imide linkage for targeting photothera-
py'?’’. These researches are preferentially focusing on
the potential applications of fullerene/graphene hy-
brids either in photovoltaics'** * | the anti-corrosion
and tribological properties of the polymer ma-
trix ™ *''. Whereas the study on electrochemical per-
formance of these hybrids working as electrode mate-
rials has been scarcely reported so far. Fortunately,
Li-functionalized Cg,/graphene composite employed
as electrode materials in supercapacitors was reported re-
cently , exhibiting a specific capacitance of 135.36 F g~
at a current density of 1 A g‘l[m. However, what
this kind of hybrids performed is far from our expecta-
tion. It is therefore of significance to explore the
promising electrochemical properties of fullerene/gra-
phene hybrids and their potential applications in super-
capacitors.

We are herein reporting the electrochemical per-
formance of C,,/graphene hybrids that were achieved
by combining C,,and graphene laminates via a facile
hydrothermal process. It is worth noting that the all-
carbon hybrid exhibits excellent electrochemical per-
formance when used as electrode materials for super-
capacitors, as is competitive to the reported graphene/
metal oxides composites. This finding may broaden
the way to developing promising all-carbon electrode
materials for high performance supercapacitors.

2 Experimental
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2.1 Reagents and materials

Fullerene ( C,, 99.99% purity) was commer-
cially obtained from Fuller-Tech Co, Ltd. (Puyang,
China). Graphite power, sodium nitrate ( NaNO,,
AR) , potassium permanganate (KMnO,, AR), con-
centrated hydrochloric acid (HCI, AR) , concentrated
sulfuric acid (H,SO,, AR, 98% ), hydrogen perox-
ide (H,0,, AR, 30% ), were all purchased from Si-
nopharm Chemical Reagent ( Shanghai, China). All
of them were used as received unless otherwise stat-
ed. Deionized water ( DI water) was used throughout
the experiments.
2.2 Preparation of C,,/graphene hybrid

GO was synthesized from natural graphite via a
modified Hummers method that was reported else-
where'® ' Tt is worth noting that the obtained GO
dispersion was freeze-dried to be solid prior to use in
the following procedures. Series of concentrations
(mg - mL™") of homogeneous GO aqueous disper-
sion was obtained by ultrasonic dispersion of the as-

° Hydrothermal

obtained GO. C,,/graphene hybrid materials were
synthesized in hydrothermal circumstances. Factors
including the mass ratio of Cg, to GO, hydrothermal
temperature and reaction time have great influence on
the structure of the hybrids and the electrochemical
performance. A new thought of orthogonality experi-
ments was therefore proposed and designed to opti-
mize the experimental conditions in this study. Based
on our previous study, three independent variables,
the mass ratio of Cg, to GO, temperature, and time
involved in the hydrothermal process, were designated
as A, B and C, respectively, which were considered
as the key factors determining the structures and per-
formance of the resulting materials. Their values were
setto be 1: 6, 1:8, 1:10 for A, 120, 150, 180 C
for B, and 6, 9, 12, 15 h for C. With these parame-
ters through orthogonal test methods, totally eighteen
grouped experiments were carried out in the research
(more information can be found in Table 1).

Freeze drying

GO sheets C,/Graphene C,/Graphene
Hydrogel Aerogel
Fig. 1 Schematic illustration for preparation of Cg,/graphene aerogels.

As for the procedures of performing experiments
under the optimized conditions, 4.5 mg of Cy, was
dispersed into 5 mL of DI water with ultrasonication
for 60 min, followed by mixing the dispersion with
the aqueous solution of GO (4.5 mg-mL ™', 8 mL),
and stirring for 30 min so as to obtain a homogeneous
mixture of C¢, and GO. The mixture was subsequent-
ly contained in an autoclave that was heated to 150 C
and held for 12 h. After the reaction, the formed hy-
drogel was taken out and washed with DI water re-
peatedly until the complete removal of the excessive
Cq- Finally, the 3D hierarchical porous structure of
Cq/graphene aerogel was achieved via vacuum
freeze-drying, designated as mCg/graphene which
exhibited the best electrochemical performance over
all C,/graphene hybrid materials prepared in this
work. Experiment sets with different parameters were
carried out in the same procedures as aforementioned.
The schematic illustration for the preparation of C/

graphene aerogels is shown in Fig. 1.
2.3 Characterization

Morphology and structure of samples were char-
acterized by the following techniques. X-ray diffrac-
tion ( XRD, Bruker D8-Advance) patterns were re-
corded for 26 angles ranging from 5° to 70° to detect
the crystal structure of samples. Morphology observa-
tion was conducted using a field-emission electron mi-
croscope ( FESEM, accelerating voltage, 20 kV,
beam current, 10 A, JEOL S4800) by fixing speci-
mens to the sample holder with a piece of adhesive
carbon tape. Raman spectra were recorded using a
Raman spectrometer ( Horiba, LabRAM HR Evolu-
tion) equipped with a 532 nm Ar lines as the excita-
tion source. Pore structure analysis was conducted by
a physical adsorption instrument ( Nitrogen adsorption
— desorption, Micromeritics Instrument Ltd. ASAP
2020). X-ray photoelectron spectroscopy ( XPS, ES-
CA PHI 5000/ AXIS UltraDLD) was utilized to detect
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the chemical bonds of samples.
2.4 Electrode preparation and electrochemical
measurements

The electrochemical performance was carried out
on a CHI760D electrochemical workstation using a
three-electrode system, in which Cy,/graphene served
as the working electrode, platinum foil as the counter
electrode, saturated calomel electrode as the reference
electrode, and 6 mol/L potassium hydroxide ( KOH)
solution as the electrolyte. The working electrode was
fabricated by the prepared aerogels without using any
binder or conducting additives. A slice of the 3D col-
umned aerogel was cut into 1 mm thickness and
pressed onto a nickel foam sheet (1 x 1 cm®) at 10
MPa for 30 s. The mass loading of the active material
on each current collector was of 2 mg +0.5 mg. The
cyclic voltammetry (CV) curves were performed at a
voltage ranging from —1 and O V at scan rates of 10,
20, 50, 100 mV s~'. The galvanostatic charging/dis-
charging ( GCD) tests were carried out at different
current densities with a potential window ranging from
-1 to 0 V. The electrochemical impedance spectrum
(EIS) was recorded over the frequency ranging from
100 kHz to 0.01 Hz at open circuit potential with an
AC voltage amplitude of 5 mV '/, All electrochemi-
cal experiments were carried out at room temperature.

The gravimetric specific capacitances measured at
a current density of 1 A g~ were calculated based on
GCD curves according to the following equation
(H',

IAt

C, = AVm (1)
where C, is the gravimetric specific capacitance
(F/g), Iis the constant discharge current ( A), At is
the discharge time (s), AV is the range of charge
voltage which is 1 V in this work, and m is the mass
(g) of the active materials used for the fabrication of

electrode.

The volumetric performance of a material was re-
cently recommended as a more reliable parameter than
gravimetric performance. Supercapacitors can be de-
scribed by their volumetric specific capacitance,
which can be expressed as follows"** .

C, =pC, (2)

Where C, is the volumetric specific capacitance
(F/cm’) , p is the particle density of active materials
and C, is the gravimetric specific capacitance (F/g)
which can be calculated by Equation (1).

3 Results and discussion
3.1 Characterization of mC/graphene hybrids

Fig. 2 shows SEM images of rGO and mCg/

graphene aerogels at different magnifications. As

shown distinctly, both graphene-based aerogels have a
porous microstructure and comprise hierarchical pores
with sizes ranging from nanometers to micrometers.
By comparing the difference in microstructures, it can
be easily found that the pores in mC,,/graphene are
more orderly and hierarchical, and its size distribution
is much narrower than rGO. The pore structure in
mCg,/ graphene is not only more diverse but also con-
tains much thinner walls. Furthermore, the propor-
tions of meso- and micropores in mCg,/graphene are
much larger than the pure rGO aerogel in which
macropores with micrometer sizes are dominant.

In order to further analyze the effect of Cg, on the
pore structure of mCg,/graphene, nitrogen isotherm
adsorption and desorption experiments were performed
on the samples. Fig. 3a shows the isothermal adsorp-
tion and desorption curves of nitrogen for rGO and
mC,,/ graphene aerogels. It can be seen that both the
adsorption and desorption curves of rGO and mCg,/
graphene are of hysteresis loops, and the adsorption
and desorption behaviors belong to the type IV, indi-
cating that mesoporous structures are presented in both
rGO and mC/graphene samples. The non-closing of
the hysteresis loops in the 0 < p/p, <0.1 low pres-
sure region may be due to the irreversible adsorption
of nitrogen. The BET surface area of C,/graphene is
292.5 m’ - g~', which is much larger than that of
rGO. Fig. 3b shows the pore size distributions of
rGO and C,/graphene samples obtained by the densi-
ty functional theory ( DFT ) algorithm. It can be
found that the pores in mC,/graphene are mostly dis-
tributed within 10 nm, indicating that micropores and
small mesopores are dominant. This is quite different
from those of rGO in which large mesopores and
macropores account for a large proportion, as shown
in the inset in the upper right corner of the figure
presenting the pore size distribution curve from 0-200
nm. The pore size distribution of rGO is mainly con-
centrated in the macropore region of 50-150 nm. The
discrepancy in pore structures of rGO and mCg,/ gra-
phene is definitely correlated with the addition of Cg,
during the construction of graphene- based aerogels.
The introduction of Cy, promotes the self-assembly to
form a porous structure of graphene, favors the for-
mation of micro- and mesopores, and optimizes the
distribution of hierarchical pores during the hydrother-
mal self-assembly process, though the mechanism of
C,, regulating the pore structure is under investigation
yet. The pore size distribution is narrowed from the
macropore region for rGO to the micro- and small me-
sopore region, which is in good accordance with the
observation of SEM. It is well known that mesopores
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in carbon-based electrode materials are responsible for
the rapid ion-transportation with a minimized resist-
ance, while micropores account for the enhancement
of specific surface area, both of which are critical for
electrode materials exhibiting better electrochemical
performance of supercapacitors ™. Tt is therefore be-
lieved that these significant differences in pore struc-
ture and distributions are attributed to the addition of
Cq that may influence the assembly of graphene
sheets and optimize the proportions of hierarchical
pores during the formation of the aerogel in hydrother-
mal process. Besides, the addition of C,, promotes
the electron transfer among the hierarchical pores,
leading to the enhancement of electrochemical per-
formance of the electrode materials. The rational con-
struction of pores in mCg,/graphene sample make it
promising in the use as electrode materials for high
performance supercapacitors.

XRD patterns of Cg,, rGO aerogel and mCgy,/
graphene hybrid were recorded to investigate the crys-
tal structures of samples, as shown in Fig.4a. Sharp
peaks at 20 =10.4°, 17.4°, 20. 4° are typically ob-

350

- (a)
300 (-

L —=—rGO
250 i «—mC, /Graphene

200 -
150 |-
100 |-

Quantity absorbed (cm®g™)

50 |-

Relative pressure (p/p,)

served for Cg. The pattern of rGO aerogel shows a
broad peak located at around 26 =25.7°, attributed to
(002) plane of graphite. Whereas for mC,,/ graphene,
characteristic peaks of both C, and rGO aerogel are fea-
tured at about 10. 8°, 17.8°, 20. 8° and 26°. The only
difference lies in that the characteristic peaks of C, are
intensively depressed, as may be caused by the very
small amount of Cg, in the hybrid and the overlapping
with the relatively strong broad peak of graphene. The
evidence provided by XRD patterns indicates that C,, has
been successfully doped into graphene laminates and
formed a mC,/ graphene hybrid.

Raman spectra were conducted for distinguishing
ordered and disordered crystal structures of carbon mate-
rials. Fig. 4b shows the Raman spectra of aerogels of
rGO and mC,/ graphene. It can be seen that both spec-
tra feature very strong D-band and G-band, typically o-
riginating from a breathing k-point phonon with A,, sym-
metry that is related to local defects and disorder, and
the E,, phonon of sp” hybridized carbon atom*” | respec-
tively. Two strong peaks for rGO are located at around 1
347 and 1 586 cm ™', while these for mC,,/ graphene are

o o
%] w

Pore volunme (cm*g’)
o

2
=]

Pore width (nm)

Fig. 3 (a) Nitrogen adsorption-desorption isothermal curves of rGO and mCyg,/graphene and (b) their pore size distributions.
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Fig. 4 (a) XRD patterns for Cy,, rGO aerogel, and mCy,/graphene hybrid, (b) Raman spectra of rGO aerogel and mCy,/ graphene hybrid.
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(a) XPS spectra of rGO and mCg,/graphene, (b) Cls core-lever spectra of rGO and (c¢) mCg,/graphene,

(d) the area ratios of four types of C in Cls peak in rGO and mCg,/graphene

centered at 1 349 and 1 589 cm™'. The slight blue
shifts of peaks for the hybrid imply an interaction be-
tween the Cg, molecules and graphene laminates. A
peak at about 1 465 cm ™' corresponding to the vibra-
tion of C, is not found in the spectrum probably be-
cause its intensity is much weaker than the strong D
band of graphene'*'’ | so that is it is fully covered.
The intensity ratio of D band to G band (I,/I;) has
been extensively put forward as a useful indicator to
evaluate the crystal structure of carbon materials'*’'.
Accordingly, the I,/ ratio for graphene is 1. 817,
while for mCg/graphene is 1. 604. The slight de-
crease of I,/I; ratio in mCg,/graphene might be at-

tributed to the less structure defects promoted by the
presence of Cg, in the hydrothermal process.

XPS spectra were conducted for the further anal-
ysis of the elemental composition and valence of sam-
ples. Fig. 5 shows XPS spectra of rGO and mC,/
graphene. As seen in Fig. 5a, both rGO and C,,/gra-
phene exhibit C 1s peak near 285 eV and O 1s peak at
531 eV. Fig. 5b and 5c¢ show the high resolution C 1s
spectra of rGO and mC,,/graphene, respectively.
The C 1s peak can be divided into four different types
of C, which are C—C/C =C at 284.6 eV, C—O at
286.1 eV, C =0 at 287.7 eV and O—C =0 at
289.1 eV. Fig. 5d shows the proportion of four dif-
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ferent types of C in C 1s. By comparison, it is found
that the intensity of the C =0 peak at 287.7 eV for
mCg,/graphene is greatly weakened, indicating that
the chemical bonds in graphene-based composites
have been changed[m. This may be due to the pres-
ence of the unique sp”® hybrid structure of carbon at-
oms in C,, (i. e., between sp> hybrids and sp’ hy-
brids ). During the hydrothermal treatments, the
strong T — v interaction between carbon hexagons in
C,, and graphene skeletons affects the self-assembly of
the 3D structure of graphene.

3.2 Electrochemical properties of Cg,/graphene
hybrid

The electrochemical performance of Cg/gra-
phene as electrode materials for supercapacitors was e-
valuated by standard CV, GCD and EIS. Orthogonal-
ity experiments with the optimized conditions invol-
ving three independent variables, the mass ratio of
Cq to GO (A),hydrothermal temperature (B), and
reaction time (C), were systematically carried out,
as shown in Table 1.

The data in Table 2 is the gravimetric specific ca-
pacitance of eighteen samples calculated by the Equa-
tion (1). As the results shown in Table 2, the opti-
mized sample A,B,C, ( mC,/graphene) exhibits the
maximum value of specific capacitance in all per-
formed experiments. That is when the mass ratio of
C,, to graphene is 1: 8 was employed and reaction was
carried out at a hydrothermal temperature of 150 C
for 12 h, the hybrid with an optimized structure could
be achieved, as accounted for the superior electro-
chemical performance of electrode materials for super-
capacitors.

Fig. 6 presents CV curves of C,/graphene elec-
trode materials under different conditions. The CV
curves of mC,/graphene measured at a series of scan
rates are shown in Fig. 6a. The relatively symmetric
and rectangular shape of curves indicates that the elec-

trode material behaves in a manner of EDLCs. More-
over, a pair of broad peaks are slightly observed espe-
cially with the increase of scan rates, as may be a-
roused by the presence of hydroxyl, carboxyl, and
epoxyl functional groups in graphene sheets and Cg,
molecules. Therefore, mC,/graphene exhibits char-
acteristics of both EDLCs and pseudocapacitors. In
addition, electrochemical dependence of the hybrids
on the mass ratio, reaction time, and temperatures are
demonstrated as well. For a better comparison, all of
these curves were scanned at the same scan rate of 50
mV-s~'. Effects of the mass ratio A on CV curves
were evaluated with hybrids that were prepared at 150
C for 12 h (designated as AxB,C, based on Table 1,
where variable X represents the mass ratio ), as
shown in Fig. 6b. Similarly, dependences of CV on
reaction time C and temperature B were illustrated by
samples of A,B,Cx and A,BxC,; in Fig. 6¢ and d, re-
spectively. By comparing the curves, it is easily
found that sample mC,/graphene ( A,B,C,) exhibits
the largest area of CV curve among all the electrodes
materials, suggesting the optimized experimental con-
ditions and consequently a best capacitance enhance-
ment due to the addition of Cg,.

GCD curves of rGO and C,,/graphene electrode
materials under different conditions are presented in
Fig. 7. The curves of pure rGO and C,,/graphene
AxB,C, with a series mass ratio of C¢, to GO (1:6 &
1:8&1:10) were tested at a current density of 1 A-
g ', as shown in Fig. 7a. It can be seen that no mat-
ter what the mass ratio is, the hybrids exhibit much
better charging/discharging performance than the pure
rGO material. Moreover, when the mass ratio of Cg,
to GO reaches 1: 8, the hybrid behaves the optimized
GCD performance, and its specific capacitances cal-
culated based the equation (1) is up to 332.3 F-g~'
at 1 A-g~' that is enhanced by 54.5% in contrast to
215.1 F-g ™' for the pure rGO. This value is twofold

Table 1 The setting of the experimental parameters.

Level Ratio( A) Temperature(B)/C Time(C)/h
1 1:6 120 6
2 1:8 150 9
3 1:10 180 12
4 - - 15

Table 2 Specific capacitance of samples at a current density of 1 A-g~'(Sample ID is derived from Table 1).
ID AB,C, AB,C, A B;C; A,B,C; A,B;C, A,B,C,

C(F/G) 222.9 223.8 244.6 332.3 272.4 234.6
ID A3B;C, A3B, Gy A3B,C, A B, C, A B,C; A B;Cy

C(F/G) 279.7 238.6 228.7 235.2 263.8 239.8
ID A,B,C, A;B;C, A;B, Gy A;B; G, A;B,C, A;B,C,

C(F/G) 204.2 296.5 254.8 230.8 253.8 232.4
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Fig. 6 (a) CV curves of mCg,/graphene hybrid at various scan rates, effects of (b) the mass ratio,

(¢) reaction time and (d) temperature on CV curves of as-prepared samples measured at the scan rate of 50 mV-s~'.
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Fig. 7 GCD curves of pure rGO and Cg,/graphene samples demonstrating effects of (a) the mass ratio, (b) reaction time, (c) temperature

on electrochemical behaviors and (d) GCD curves of mCg,/graphene at different current densities. Note that

GCD curves in Fig. 7(a), (b) and (c¢) were tested at the current density of 1 A +g~'.
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higher than the similar work in which Li-functional-
ized Cg,/graphene was used as electrode materials for
supercapacitors, exhibiting a specific capacitance of
135.36 F-g ' at 1 A g~ '"**/. The increased capaci-
tance for Cq,/graphene hybrid electrode can be attrib-
uted to the intercalation of an appropriate amount of
C,, into graphene laminates, which favored the forma-
tion of an optimal porous structure of hybrids. When
the excessive Cq, was doped to graphene however,
aggregation of C,, may occur, thus lowering the syn-
ergistic effect between fullerene and graphene. Fig.
7b remarks the difference in GCD curves of C,,/gra-
phene A,B,C, that were prepared with the mass ratio
of 1: 8 and at 150 C for a series of reaction time,
demonstrating that samples with better GCD perform-
ance could be achieved as long as the reaction time
exceeds 12 h. Fig. 7c shows the GCD curves of C,,/
graphene A,B, C, that were prepared with the mass ra-
tios of 1: 8 and at a series of reaction temperatures for
12 h. It can be calculated that the specific capacitance
reaches a maximum value when the temperature of

350
—=— 1GO(150°C, 12h)

~ —e— MC_/Graphene(150°C,12h)
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Fig. 8

150 C is employed. Comparatively the specific capaci-
tances are 277.2 F-g~' at 180 C and 254.8 F-g ' at
120 C. This may be due to the effect of the degree of
hydrothermal reduction. The lower temperature and
the weaker reducing ability will make the three-di-
mensional structure of the sample unstable. When the
temperature is up to 180 °C, with the increasing of
reduction degree of GO, the distance between the lay-
ers will be stacked closer, and the agglomeration be-
comes serious, therefore the mesopore size becomes
smaller. Therefore, the experimental conditions under
which samples exhibiting the optimal electrochemical
performance can be obtained. Fig. 7d exhibits the
GCD curves of mC60/graphene that were tested at
different current densities (332.3 F-g™'at1 A-g™',
263.8 Frg 'at2 A-g™', 241.1 F-g'at5A-g™").
Similarly as reported previously, with increasing the
current density, the electrochemical performance may
decrease slightly. Nevertheless mC,,/graphene be-
haves as an excellent electrode material, which is su-
perior to the pure rGO.

50 | (b)y 1GO(150°C, 12h)
e 150°C, 12h) .
[ 4 C,/Graphene-180°C(180°C,12h)
40 |-
L s -
a 30 B L -
-~ -
F\Il a -
20 .a -
L .': ..
10 3 s
v
oF
1 1 1 N 1 1 1
0 5 10 15 20 25 30
Z(Q)

(a) Specific capacitance at different current densities and (b) Nyquist plots of the electrodes based on rGO,

mCyg,/ graphene and Cg,/ graphene.

Fig. 8 (a) presents the specific capacitance of
samples measured at a series of current densities,
which are calculated based on GCD curves in Fig. 7.
By comparison, no matter what current density was
employed in the electrochemical test, mC,/graphene
electrode material always exhibits much higher specif-
ic capacitance than those unoptimized hybrids and the
pure rGO, although the specific capacitance of mCy,/
graphene decreases slightly with the increase of the
current density as usual. The enhanced capacitance is
coincident with CV results aforementioned. Moreover,
mC,,/ graphene exhibited a high volumetric capacitance
of 200.9 F-cm ~ with a density of ~ 0.6 g-cm ™. EIS
is an effective method to measure the internal resist-
ance and charge transfer kinetics of electrode materi-
als. In Fig. 8 (b), Nyquist plots of the electrodes
based on rGO, C,/graphene and mC,,/graphene

were conducted in a 6 mol/L KOH solution at the fre-
quency range of 100 kHz to 0. 01 Hz. In general, a
Nyquist plot includes a semicircle in a high frequency
region and a straight line in a low frequency region.
The high frequency region is correlated to charge
transfer resistance and the low frequency region to ca-
pacitive performance. As shown in Fig. 8(b), in the
high frequency, the semicircle diameters of mCg,/ gra-
phene and C,,/graphene-180 (1: 8; 180 C; 12 h) hy-
brid are remarkably smaller than that of the pure rGO,
indicating that the introduction of Cg, to rGO has sig-
nificantly enhanced the conductive behavior of elec-
trodes. This could be ascribed to the excellent elec-
tron accepting ability of Cg, that may promote the ul-
trafast electron transfer among graphene oxide sheets.
Furthermore, in the low frequency, mCg,/graphene
exhibits a vertical curve with a relatively large slope,



55 6 3]

CHENG Lei et al: Construction of three-dimensional all-carbon Cg,/graphene hybrids. . .

- 693 -

suggesting an enhanced capacitive performance.
Through the EIS measurements, it can be concluded
that the introduction of Cg, into rGO laminates ac-
counts for the enhancement in capacitance perform-
ance of mCy,/graphene hybrids, typically i. e. the
lower internal resistance, better charge transfer and
ionic conductivity.

The measurements of CV, GCD, and EIS have
evidenced that C,/graphene hybrids possess excellent
electrochemical properties and performance as promis-
ing electrode materials for high performance superca-
pacitors. The enhancement of electrochemical per-

formance is definitely attributed to the hierarchically
porous structure of C,/graphene hybrids. It is eluci-
dated that the presence of C, favored the self — as-
sembly of the 3D structure of Cg,/graphene under
high pressure hydrothermal conditions via strong -1
interaction between hexagons in C,, and graphene
skeletons. Moreover, the attached Cq, molecules en-
dowed the hybrids with an optimized porous micro-
structure and more redox-active sites, contributing to
the remarkably enhanced electrochemical performance
when the hybrids were tested as electrodes for super-
capacitors.

Table 3 Comparison of representative specific capacitance of all-carbon and non-all-carbon electrodes.

Current density

Specific capacitances

Raw materials (Ag") (Fg N Application Ref.
This work 1 3323 All-carbon 5C
C,/graphene 1 136.4 All-carbon SC [32]
’(":‘l’“‘:r‘;‘:}t’:"‘]l i 175.6 All-carbon SC [44]
CNT/graphene 1 322 All-carbon 8C [45]
S 0.5 08 All-carbon SC [46)
GO/PG 0.2 120 All-carbon 5C [47]
AC/CNT 1 2979 All-carbon 8C [48]
PANI/graphene 2.22 824 Non-all--carbon SC [49]
N-graphene 1 210 MNon-all--carbon SC [50]
Sn-Mn,0,/C 1 222 Non-all--carbon SC [51]
rGO/Ru0O, 1 343 Mon-all--carbon SC [52]
N-AC 0.4 185 Non-all--carbon SC [53]
N-graphene/CNT 0.5 180 Non-all--carbon SC [54]
NS-graphene 1 309 Non-all--carbon SC [55]
BNP-rGO 1 350 MNon-all--carbon SC [56]

The capacitance performance of the Cg,/gra-
phene electrode prepared in this work (332.3 F-g™'
at 1 A-g~") is superior to almost all previously repor-
ted all-carbon electrode-based supercapacitors, and e-
ven competitive to some of non-full-carbon elec-
trodes. The synergistic effects from the different
forms of nanocarbons included in this reported all-car-
bon hybrid, namely the OD fullerene, and 2D GO, as
well as the formed hierarchical porous structure, ren-
der the hybrid outstanding capacitance performance.
This finding presents a promising all-carbon based e-
lectrode material for fabricating high performance su-
percapacitors in future.

4 Conclusions

This work demonstrated a facile fabrication of
3D hierarchical porous structured all-carbon hybrids
(Cq/ graphene ) employed as competitive electrodes
for high performance supercapacitors. The Cg,/gra-
phene hybrids were achieved via a facile hydrothermal
method. It is elucidated that the mass ratio of Cg, to
graphene, reaction time and temperature were key
factors determining the porous structure and electro-
chemical properties of hybrids. By introducing Cg,

molecules into graphene laminates, the specific capac-
itance of C,,/graphene was considerably enhanced.
Typically, when the mass ratio of Cg, to GO is 1: 8,
and the hydrothermal time and temperature are 12 h
and 150 C, respectively, the specific capacitance of
mC,,/ graphene hybrid can reach 332.3 F-g~', which
is enhanced by 54. 5% as compared with the pure
rGO (215.1 F-g™') at the same current density of
1 A-g”'. The enhancement could be ascribed to the
synergistic effect rising from the hybridization of
fullerene and graphene which favors the self-assembly
of the hierarchical porous structure of mC,/graphene
under high pressure hydrothermal conditions via the
-7 interaction between carbon hexagons of Cg, and
graphene skeletons. The capacitance performance of
hybrids prepared in this work is comparative and su-
perior to those of presentative carbon-based electrode
devices reported previously. This finding therefore
shed valuable light for the future design and prepara-
tion of all-carbon materials for the use as electrodes of
highly performed energy storage devices.
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