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Abstract

In this study, a new graphene ceramic composite (GCC) was prepared based on the reduced graphene
oxide (rGO) doped in sol-gel derived silica. The GCC was prepared by dispersing rGO nanosheets into
the sol-gel precursors containing methyl triethoxysilane, methanol and hydrochloric acid solution.
During an acid catalyzed hydrolyze reaction and gelation process, rGO nanosheets were successfully
doped into the prepared gel. The fabricated GCC was characterized by field emission scanning electron
microscopy, Transmission electron microscopy, Fourier transform infrared spectroscopy, X-ray
diffraction, thermogravimetric analysis, cyclic voltammetry and galvanostatic charge/discharge
techniques. According to the electrochemical results, the prepared GCC has shown remarkable specific
capacitance in comparison with carbon ceramic composite. Due to unique configuration of GCC and
large specific surface area of rGO, the resultant GCC shows specific capacitance of 428 F g™ at current

density of 1 A g™and good cycling stability using three electrode system.
Keywords: Graphene, Sol-gel, Double layer capacitor.

1. INRODUCTION

There are a lot of research interests in the
development of energy storage devices.
Supercapacitors or electrochemical double-
layer capacitors (EDLCs) store and release
electrical energy based on the electrolyte
ions which forming an electric double
layer at the interface of electrodes and
electrolyte [1-3]. Currently, the
development of new materials with higher
specific power density, faster
charge/discharge rate, and longer lifetime
has been very attractive. Carbonaceous
material, such as carbon nanotubes,
activated carbon, mesoporous carbon, and
carbon aerogels have been studied as
electrode materials for electrochemical
supercapacitors [4-9].

Graphene is a new generation of carbon
allotropes with two-dimensional single-

layer of carbon sheets and a hexagonal
packed lattice structure that shows unique
physicochemical properties such as high
conductivity, good mechanical strength,
high surface to volume ratio and great
chemical stability [9]. Recently graphene
nanosheets and its composites such as
metal oxide/graphene and
polymer/graphene have been used as a
suitable material for  supercapacitor
applications [10-14]. Although these
composites  represent  high  specific
capacitance, however aggregation of
graphene nanosheets  during  the
charge/discharge process, and also weak
chemical and mechanical stability of the
fabricated composite limits their practical
applications.
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Sol-gel process involves the
manufacturing of inorganic matrices
through the formation of colloidal
suspension (sol) and gelation of the sol to
form a wet gel, which after drying forms
the dry gel state (xerogel) [15,16]. During
the hydrolysis of alkoxysilanes in sol-gel
process, polycondensation of alkoxysilanes
occurs. This media is favorable for
dispersion of carbonaceous material for
preparation of electrochemical devices [17-
20]. Considering the simplicity, low cost
and practicability of the sol-gel technique,
and also the progressive growth of
graphene applications, a new
electrochemical supercapacitor based on
the graphene nanosheets doped in sol-gel
derived silica could be developed.

In this study reduced graphene oxide
(rGO) was successfully doped into a sol-
gel matrix and the resultant composite
(GCC) was coated on glassy carbon
electrode surface for electrochemical
double-layer capacitor applications. Due to
the large specific surface area, high
electrical ~ conductivity, and unique
configuration of the GCC, the resultant
composite shows high specific capacitance
in comparison with carbon ceramic
composite.

2. EXPERIMENT
2.1. Chemicals and apparatus

Methyl triethoxysilane, methanol,
hydrochloric acid, and graphite fine
powder were purchased from Merck
(Darmstadt, Germany;
www.merckgroup.com). All other
chemicals were of analytical grade and
were used without further purification.
Double  distilled  water was used
throughout the all experiments.

The electrochemical experiments were
carried out using an AUTOLAB PGSTAT-
100 (potentiostat/galvanostat) at room
temperature. The morphology studies were
performed by field emission scanning
electron microscopy (FESEM) (Hitachi,
model S-4160). X-ray powder diffraction
(XRD) patterns were recorded on Brucker

AXF (D8 Advance) X-ray power
diffractometer with a CuKa radiation
source (A= 0.154056 nm) generated at 40
KV and 35 mA. Thermogravimetric
analysis (TGA) curves were obtained on a
TGA/SDTA 851 calorimeter at heating and
cooling rates of 10 'C min™ under N,
atmosphere. Transmission electron
microscopy (TEM) image was recorded
with  Philips CM-10 (Eindhoven, The
Netherlands).

2.2. Preparation of hydrothermally
reduced graphene oxide powder

Graphene oxide was synthesized from
natural flake graphite by modified
Hummers method [21]. First, 5 g natural
graphite, 3.75 g NaNOjz (99%, Aldrich)
and 310 mL H,SO,4 were mixed in a Pyrex
reactor with a water cooling system. This
mixture was then stirred for 30 min. Next,
22.5 g KMnO4 was carefully added to this
mixture for 1 h. The resultant mixture was
stirred for 5 days at room temperature.
Then 150 mL of H,0, (30%) was added to
the mixture. Upon centrifugation, the GO
slurry at the bottom was washed with a
0.5% H,0, solution and then rewashed
with deionized water. The dried brown
color GO powder mounted on a crucible
and was introduced into a quartz furnace
and thermally treated at 200 °C for 2 h with
a heating rate of 5 ‘'C min™ in a nitrogen
atmosphere. The obtained black reduced
graphene oxide powder was stable and
used without further purification.

2.3. Preparation of graphene doped in
sol-gel derived silica

0.15 g of rGO powder was added to the
sol suspension containing 0.6 mL methyl
triethoxysilane, 0.6 mL hydrochloric acid
01 M, and 0.9 mL methanol. The
suspension of sol-graphene was shacked
for 30 min. During the shaking step, which
acid catalyzed hydrolysis reaction of
methyl triethoxysilane was occurred, the
soft suspension of sol-graphene turned to a
rigid gel-graphene composite. Finally the
prepared composite was dried overnight
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under ambient conditions (25 ‘C) which
finally was called graphene ceramic
composite (GCC). In order to compare the
electrochemical behavior of GCC with
carbon ceramic composite (CCC), the
latter was prepared similar to the GCC and
just graphite powder was used against rGO
[22].

2.4. Electrochemical measurements

The electrochemical performance of the
GCC was studied by cyclic voltammetry
(CV) and galvanostatic charge/discharge
(CD) techniques. The specific capacitance
was extracted from both the CV and the
galvanostatic CD curves. All the
electrochemical ~ measurements  were
carried out using three-electrode system
which was composed of saturated (KCI 3
M) calomel electrode (SCE) as reference
electrode, platinum wire as auxiliary
electrode, and glassy carbon electrode
(GCE) modified with GCC and CCE as
working electrode. Prior to modification,
the GCE (diameter of 3 mm) was polished
using alumina powder and then was
ultrasonicated in ethanol and double
distilled water for 5 min respectively.
Modification of GCE with GCC was as
follow: 10 mg of GCC was dispersed into
5 mL ethanol solution followed by 10 min
sonication. Then 10 pL of GCC ink was
casted on the GCE. This enabled a 20 ug
loading of the GCC onto the electrode.
Finally the electrodes were dried in air and
then 10 pL of 0.05% (v/v) Nafion was
casted on the electrode surface which was
allowed to dry in air (25 ‘C). The GCE
were modified with CCC as the same
procedure.

3. RESULTS AND DISCUSSION

3.1. Characterization of graphene
ceramic composite

Considering the hydroxyl groups of
hydrothermally reduced graphene oxide
(G-OH), and silanol (Si-OH) groups of
methyl triethoxysilane, the fallowing
reactions could be occurred during the
hydrolysis process of methyl

triethoxysilane in the presence of rGO;
Firstly the acid catalyzed hydrolysis
reaction of methyl triethoxysilane occurs
(Eq. 1) [23,24]:

ESi—OR+H20—)ESi—OH + ROH

(Hydrolysis reaction)  (Eq.1)

which could be followed by condensation
(Eg. 2 and 3) and/or reaction with hydroxyl
groups of graphene (Eq. 4):

=Si—-OH + RO-Si=—>=5i-0-Si= +ROH
(Alchol condensation)  (Eg. 2)
=Si—OH + HO-Si=—>=Si-0-Si= +H,0
(Water condensation)  (Eq. 3)
=Si-OH + G-OH=—>=Si-0-G  + H,0
(Eq. 4)

Also the following reaction could be
occurred at the surface of graphene:

G-OH + =Si-0-Si=—>G-0-Si=+ SiOH
(Eq. 5)

G-OH + RO-Si= —>G-0-Si= + ROH
(Eq. 6)

Fig. 1 shows the FTIR spectra of the
hydrothermally reduced graphene oxide
and GCC. A broad adsorption band on the
rGO and GCC structures appeared at 3000-
3500 cm™ is related to the hydroxyl group
[25]. In the FTIR spectrum of rGO there is
a small peak in 1718 cm™ which could be
due to the presence of slight carbonyl
groups in graphene. The C=C stretching
from the skeletal vibration in the un-
oxidized graphitic domain was observed at
1617 cm™. Also  O-H bending vibrations
from the hydroxyl groups were observed at
1384 cm™ in rGO [26, 27]. In the case of
GCC, the strong bands at 1027 cm™ and
1111 cm™ were associated with the
stretching of the Cc-O and
(Si—O—C/Si—0O—Si) asymmetric stretching
respectively. The peak at 764 cm™ was
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assigned to the stretching vibration of Si-
OH. Also, the peak at 1381 cm™ is
attributed to the O-H bending vibrations
from the hydroxyl

1272 cm™ is related to stretching vibration
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Figure 1. FTIR spectra of hydrothermally reduced graphene oxide and graphene ceramic

The morphology of GCC was studied with
TEM and FESEM techniques.

Figure 2. (A) TEM ’image of powdered
GCC, (B) FESEM image of GCC with
60000 magnification.
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composite.

According to TEM image (Fig. 2A) it
could be seen that silicone is appropriately
decorated on rGO sheets. Also the FESEM
of GCC (Fig. 2B) shows that the edges and
planes of graphene nanosheets are covered
by silicone nanoparticles uniformly.
Covering of rGO  with silicone
nanoparticles decreases the aggregation of
rGO nanosheets during charge/discharge
process and results GCC with a long
cycling stability. The silicone nanoparticles
size in this study (acid catalyzed hydrolysis
reaction) is smaller than that those reported
in the base catalyzed reaction which was
reported previously by Zhang and et al
[27].

The XRD patterns of exfoliated graphene
oxide (A), rGO (b), and GCC (C) were
shown in Fig. 3. As can be seen, the XRD
pattern of graphene oxide showing a peak
at 20 =9.56 corresponding to a d-spacing
of 8.91 nm. This peak could be assigned to
the (001) reflection peak of graphite oxide
and might depend on the method of
preparation and on the number of layers of
water in the gallery space of the graphene
oxide [28]. When graphene oxide was
hydrothermally reduced to graphene, the
peak of graphene oxide stacking
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disappeared and a new and broad peak at
20=24.2° (002) appeared confirming the
reduction of graphene oxide to graphene.
In the case of GCC, the broadening of
graphene (002) peak is due to the dominant
effect of silica. Also the broad peak at
20=11.3" corresponding to the amorphous
structure of silicone rubber [29, 30].
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Figure 3. XRD patterns of graphene oxide
(A), hydrothermally reduced graphene
oxide (B) and graphene ceramic composite

©).

Considering the FESEM images and XRD
patterns, it could be concluded that
graphene nanosheets were appropriately
covered by silicone rubber nanoparticles in
GCC.

3.2. Thermal properties of graphene
ceramic composite

Fig. 4 shows the TGA curves of silica
network (prepared with sol-gel method)
and GCC heated in a TGA instrument to
800 "C at a heating rate 5 'C min™ under N,
atmosphere. A mass loss at about 80 C is
due to the removal of adsorbed water. A
small mass loss at 200 'C should be
assigned to the decomposition of the
oxygen containing groups. The weight loss
from 550 C is caused by the pyrolysis of
the silane moieties of GCC. Moreover,
high temperature pyrolysis of GCC is
similar to graphite around 650 'C and
attributed to pyrolysis of the carbon
skeleton of GCC [39]. In comparison with

GCC, silica network has more thermal
stability which could be due to absence of
graphene and its functional groups.
Although silica network is more thermally
stable than GCC, however silica network is
not suitable for electrochemical double-
layer capacitors.

Figure 4. TGA curves of graphene ceramic
composite (lower curve) and silica network
(upper curve).

3.3.  Electrochemical behavior of
graphene ceramic composite

In order to calculate effective surface
area of graphene ceramic composite (GCC)
and carbon ceramic composite (CCC),
cyclic voltammetries of GCC|GCE and
CCC|GCE were investigated in 5 mM
Ks[Fe(CN)g] and 0.1 M of KNOj3 solution
in scan rate of 50 mV s™ (not shown). By
using Randles-Sevcik  equation, the
effective surface area of GCC was
calculated 2.82x10° cm? in comparison
with CCC which calculated as 1.23x10™
cme.

The electrochemical behavior of GCC
and CCC were investigated by CV and CD
techniques in 1.0 M aqueous Na,SO4
electrolyte using a three-electrode system
on the glassy carbon electrode (GCE). Fig.
5A indicates the CV curves of GCC|GCE
(curve a) and CCC|GCE (curve b) at a scan
rate of 100 mV s™ in the potential range 0.0
to 1.0 V, which showing no faradic peak in
the working potential window of the
electrodes. From the CV curves, it could be
observed that the GCC|GCE has larger
voltammetric  current  responses in
comparison with CCC|GCE, revealing
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higher charge storage capability of
GCCJ|GCE. As the integrated area under
the CV curve within the potential window
indicates the energy density, GCC|GCE
has an enhanced energy density than that
of CCC|GCE. Fig. 5B shows the CV
curves of the GCC|GCE at different scan
rates varying from 10 to 120 mV s™*. As
can be seen, the CV curves at all scan rates
are nearly rectangular shape which is
typical for the pure capacitive
characteristic, indicating the excellent
capacitive behavior and fast
charging/discharging processes of the
GCC|GCE [31, 32]. According to Eq. (7),
the specific capacitances of the CV curves
at different scan rates were calculated by
integrating the CV curves to obtain the
charge (Q) and then dividing by the mass
of electrode materials (m), the scan rate (v)
and the potential window (AV = V, -V,)
[33]:

__Q _ 1
MAV  mv (Va -Ve)

C
] Vy

Fig. 5C shows the variation in the specific
capacitance of GCC|GCE as a function of
scan rates. It could be found that the
specific capacitance decreases with the
increase of scan rates from 10 to 120 mV s
! The decrease of specific capacitance
with increasing the scan rates is due to the
relative long diffusion length for the GCC
structure and an increase of the ion
transport related resistance.

Galvanostatic charge-discharge method
was also used to evaluate the capacitance
behavior of the GCC|GCE. Fig. 6 shows
the galvanostatic CD curves of GCC|GCE
with a potential range from 0.0 to 1.0 V at
different current densitiesof 1 A g, 3A g
L4Ag' 5A gt and 10 A g™ . The curves
behave as triangular during the charge-
discharge process within all the potential
range, proving good charge-discharge
reversibility —and  perfect capacitive
behavior of the supercapacitor.

Ve
I L (V)dvV  (Eq.7)
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Figure 5. (A) CV curves of GCC|GCE (a)
and CCC|GCE (b) in 1.0 M aqueous
Na,SO, solution; scan rate 50 mV s™. (B)
CV curves of GCC|GCE at different scan
rates; 10 (a), 30 (b), 70 (c), 100 (d), and
120 (¢) mV s’ (C) Plot of specific
capacitance of GCC|GCE as a function of
scan rate.

The specific capacitance was calculated
from the slope of galvanostatic CD curves
using Eq. 8 [34]:

|
m x —
dt
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where | is the applied current, m is the
mass of the active material, and ddit is the

absolute value of the slope of the
discharging curve. The specific
capacitance of the GCC is remarkably
increased in comparison with that of CCC.
Specific capacitances of 428, 375, 314,
271, and 250 F g™ have been achieved for
the GCC electrode at current densities of 1
Agt3Agt4Agt5Agt and10Ag?
respectively, which are remarkably higher
than those reported previously for
graphene based electrodes [35-38].

@) (© () ©]

E /V (vs. SCE)

0 100 200 300

Time/s

Figure 6. (A) Galvanostatic CD curves of
GCC|GCE at constant current densities of
1AgY3Ag 4Agt 5Agtand10Ag?

The superior performance of the GCC
could be attributed to the uniform
distribution of graphene nanosheets, high
active surface area and presence of silicon
rubber nanoparticles which enabling the
graphene nanosheets to remain in atomic
layer structure and high surface area.
Finally the unique morphology of GCC
could supply enhanced accessibility to the
electrolyte ions resulting an enhancement
of the EDLC capacitance.

The cycle stability of supercapacitors is
important for its practical applications. In
order to evaluate the cycling stability of the
GCC, CV studies were performed at a scan
rate of 100 mV s between 0.0 V and 1.0
V in 1.0 M Na,SO, electrolyte. The long-
cycle performance is shown in Fig. 7, and

the CV curves of the first and 2000™ cycles
are shown as an inset.
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Figure 7. Variation of the specific
capacitance of GCC|GCE as a function of
cycle number measured at 100 mV s™ in
1.0 M Na,SO, aqueous solution (the inset
shows the CV curves of the 1% and the
2000" cycles).

After 2000 cycles, the specific
capacitance of GCC|GCE remained 94.5%
(167 F g) of its initial capacitance proving
appropriate  cycling stability of the
electrode. The presence of silicone rubber
nanoparticles which uniformly distributed
on the plane and edges of graphene
nanosheets, prevent the aggregation of
graphene sheets during the long term
usage. Also good cycling stability of the
GCC could be attributed to the double
layer capacitance brought by graphene
nanosheets and efficient electron transfer
channels from the graphene.

4. CONCLUSION

In summary, a new graphene ceramic
composite based on the acid catalyzed
hydrolysis reaction of methyl
triethoxysilane in the presence of
hydrothermally reduced graphene oxide
was prepared. To the best of our
knowledge, this is the first report in
preparation of graphene ceramic composite
and application as an  efficient
electrochemical double-layer capacitor.
The GCC represents appropriate cycling
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