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Abstract Silica aerogel (SiO, aerogel) was prepared by sol—
gel method from tetracthyl orthosilicate hydrolyzation and
has been characterized by scanning electron microscopy and
N, adsorption for its surface structure, surface area, and pore-
size distribution. Constant current charge—discharge tech-
nique, cyclic voltammetry, and electrochemical impedance
spectrum were employed for its specific capacitance and
equivalent series resistance. The results showed that the
maximum specific capacitance of SiO, aerogel electrode in
1 M Et;NBF,/PC electrolyte was 62.5 F g~'. In addition, the
Si0O, aerogel capacitor exhibits excellent long-term stability
with no significant degradation after 500 charging and
discharging cycles. Therefore, the application of high surface
area SiO, aerogel as electrodes in supercapacitor devices is
promising.

Keywords Capacitors - Electrochemical characterizations -
Electrodes - Non-aqueous electrolytes - Charging/discharging
Introduction

Supercapacitors are considered as one of the newest innova-

tions in the field of electrical energy storage. They have many
attractive characteristics such as low equivalent series
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resistance, long charge—discharge life and high power density
[1]. The growth in supercapacitors arose from displacing
conventional battery and electrolytic capacitor products and
from new market applications where existing technologies
cannot provide efficient solutions [2]. They can be applied in
the hybrid electric vehicle to provide the pulse power for
acceleration and recycle the braking energy [2, 3].

Silica aerogels, mesoporous lightweight materials, are
currently a field of intensive research activity due to their
high potential in a very broad range of applications. Besides
structure characteristics, elastic, acoustic, optical, and ther-
mal properties of SiO, aerogels have been investigated in
detail [4-7]. However, there is no article on the application
of SiO, aerogels as supercapacitors. SiO, aerogels possess
structural advantages for electrochemical energy storage as
follows: (1) high surface areas (>500 m? g '), which
amplify the amount of electrifiable interface [7-9]; (2)
mesoporosity, which provides both molecular accessibility
and rapid mass transport via diffusion [7, 9-13]; (3) a three-
dimensional network of nanometer-sized solid particles,
which promotes efficient electronic conduction [9, 10]; and
(4) nanoscale particle sizes, which minimize solid-state
transport distances for ion-insertion reactions [9, 13]. Based
on these features, SiO, aerogels can be a desirable material
for supercapacitors in organic electrolyte.

In this paper, SiO, aerogel was prepared by sol-gel
method from tetraethyl orthosilicate (TEOS) hydrolyzation.
The electrochemical characteristics of SiO, aerogel electro-
des in non-aqueous electrolyte have been studied to
investigate the application of SiO, aerogel as electrodes
for electrochemical capacitors.

Experimental

Silica gel was prepared by sol-gel method from TEOS
hydrolyzation with several drops of hydrochloric acid as
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catalyst according to previous literature [5]. SiO, acrogel
was obtained after the liquids in the pores of gel were
removed through supercritical drying. The density of silica
aerogel is 0.093 g cm °.

An automated adsorption apparatus (Quantachrome
NOVA 2000, USA) was employed to characterize the
surface area and pore size of the SiO, aerogel using N,
adsorption under 77 K. The Brunauer—Emmet—Teller (BET)
surface area of SiO, aerogel was obtained from N,
adsorption isotherms and pore-size distribution was
obtained by the Barrett-Joyner—Hanlenda (BJH) theory.
The total pore volume was estimated to be the liquid
volume of nitrogen at a relative pressure of about 0.99. The
average pore diameter was estimated from the surface area
and total pore volume. Scanning electron microscopy
(SEM) was also used to study the surface structure of the
sample.

The electrode for the supercapacitor was prepared in the
form of pellets with 80 wt.% content of SiO, aerogel,
10 wt.% of acetylene black, and 10 wt.% of PVDF as the
binder. The prepared electrodes were dried overnight at
120 °C in vacuum. A unit cell for the capacitor was
fabricated with two SiO, aerogel electrodes, which have the
same mass, separated by a polyethylene membrane using
1 M Et4NBF4/PC as electrolyte.

Cyclic voltammetry scans were recorded from 0 to 2.5 V
at a scan rate of | mV s !, using CHI604A electrochemical
work station (Shanghai, China). Charge—discharge cycle
tests were performed using LAND Celltest (Wuhan, China)
at a constant current density of 100 mA g ' with cutoff
voltage of 0 to 2.5 V. Electrochemical impedance spectros-
copy (EIS) studies were performed on CHI604A electro-
chemical work station (Shanghai, China) in the frequency
range from 100 kHz to 1 mHz.

100nm WD 4.7mm

Fig. 1 SEM image of the SiO, aerogel
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Table 1 Surface characteristics of SiO, aerogel

SP Smicro/ SP Smeso/ SP VP (CmS/ g) Vmicro/ VP Vmeso/ VP D
(m?/g) (nm)

904 0.299 0.585 1.68 0.097 0.360 7.43

Results and discussion

SEM images of the surface morphology of the SiO, aerogel
are depicted in Fig. 1. As being shown in Fig. 1, a large
amount of pores exist in the formation of ordered silica
aerogel; the silica spheres are all identical with the same
diameter. Silica aerogel consists of a three-dimensional
network of interconnected silica particles. The silica aerogel
with a larger percentage of bigger pores are more suitable to
be applied as a non-aqueous supercapacitor electrode
because the organic ions are easy of access to the pores
[14].
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Fig. 2 a The N2 gas adsorption—desorption isotherm. The squares
and circles are adsorption and desorption curve, respectively. b BJH
pore size distribution of SiO, aerogel
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Fig. 3 Cyclic voltammograms of the SiO2 aerogel electrode in 1 M
Et,NBF4/PC at different sweep rates

To further investigate the structure of SiO, aerogels, the
data obtained from BET measurements are summarized in
Table 1. According to IUPAC recommendations [15], pores
are classified with respect to their size as micropores (width
below 2 nm), mesopores (width between 2 and 50 nm), and
macropores (width greater than 50 nm). From Table 1, it
can be concluded that the SiO, aerogel prepared in this
study is a typical mesoporous material having a large pore
volume and high surface area exceeding 1.6 cm® g~ and
900 m> g ', respectively. In addition, nitrogen sorption
isotherms of SiO, aerogel and the pore size distribution
calculated by BJH method are shown in Fig. 2a and b,
respectively. It can be seen from Fig. 2a that the nitrogen
adsorption isotherm of type IV (IUPAC classification [15])
is observed like elsewhere [9, 16], exhibiting a clear
hysteresis loop arising from capillary condensation of

nitrogen in mesopores. As can be seen from Fig. 2b, silica
acrogel has a broad pore size distribution with two peaks at
about 2 and 4 nm, respectively. Energy storage in super-
capacitors is the accumulation of ionic charge in the double
layer at the electrode/electrolyte interface. Hence, the high
surface area and the porosity of the SiO, aerogel are the
basic requirements to achieve the rapid formation of a
double layer.
Cyclic voltammetric measurement of the two electrodes
was performed in a potential range from 0 to 2.5 V to
analyze the electrochemical behavior of the resulting
electrodes in 1 M EtNBF,/PC. The voltammograms of
the SiO, aerogel electrode with sweep rates of 1, 2, 5 and
10 mV s~ are shown in Fig. 3. It can be seen from the
voltammograms that the curves have rectangular-like
forms, which is characteristic of an electrical double-layer
capacitor. It is suggested that the electrolyte ions can enter
into the pores within the electrode to participate in the
formation of the electrochemical double layer. Moreover,
the voltammograms are very symmetric and smooth,
indicating excellent reversibility of the charge—discharge
process in the potential range [1]. However, increasing the
scan rate enhances the delay of the current to reach a
constant value. This arises from the distributed capacitance
effects in porous electrodes and the effects are enhanced
upon increasing the difference between the ohmic resis-
tance of the electrolyte at the mouth of micropores and that
at the bottom of micropores [17].

EIS was further employed to monitor the electrochemical
behavior of the electrodes. Electrodes were measured over
the frequency range from 100 kHz to 1 mHz at 0 V and the
typical Nyquist diagrams for the SiO, aerogel electrodes are
given in Fig. 4. It can be seen that the capacitors behave as
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typical capacitors over the frequency range. The interme-
diate frequency region is the 45° line, which is the
characteristic of diffusion into the electrode. In addition,
the curve in the figure demonstrated a semicircle at high
frequencies and exhibited a straight line which represented
the diffusion process of protons in the electrode materials
mass and pure capacitance at the low frequency [18].

In order to examine the performance of the resulting
SiO, aerogel as electrodes in electrochemical supercapaci-
tors, sandwich-type capacitor cells were prepared and
subjected to a constant current density of 100 mA g’
charge—discharge cycling in 1 M EyuNBF,/PC media
between 0 and 2.5 V. At the same time, the charge—
discharge cycling test was conducted 500 times.

The galvanostatic charge—discharge curve conducted at a
current density of 100 mA g ' is given in Fig. 5. As shown
in Fig. 5, the current-resistance (IR) drop of the super-
capacitor was relatively obvious, which is mainly derived
from the low electronic conductivity of the SiO, aerogel.
Nevertheless, a linear variation of the voltage was observed
during the charging—discharging process, which can prove
that the supercapacitor has good electrochemical capaci-
tance performance.

The specific charge—discharge capacitance of the electro-
des (C) in the cells was determined by Eq. 1 [19].

C=2x1/[(dV/dt)e] (1)

where [ and dV/dt, respectively, indicate the constant
current that is applied and the slope of these chronopentio-
metric curves when the curve is approximately linear and
symmetric; w represents the mass of electroactive material.
The factor of 2 originates from the fact that the total
capacitance measured from the test cells is the addition of
two equivalent single-electrode capacitors in series.
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Fig. 5 Charge/discharge curve of the SiO, aerogel supercapacitor at
100 mA g ' in 1 M Et,NBF,/PC
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Fig. 6 Variation of capacitance and coloumbic efficiency with cycle
number for the SiO, aerogel capacitor charged and discharged at
100 mA g ' in 1 M Et;NBF,/PC

Based on the experimental results of Fig. 6, it can be
found through calculation of Eq. 1 that the highest
capacitance of the SiO, aerogel-based supercapacitor is up
to 62.5 F g ' and the corresponding specific volume
capacitance is 82.8 F cm . The cycle life of the SiO,
aerogel supercapacitor is also illustrated in Fig. 6. Although
there is a decrease in the specific capacitance in the first
100 cycles, it then remains stable over the rest 400 cycles.
The long charge—discharge cycling test indicates the high
stability of the SiO, aerogel and its potential as an electrode
material for long-term capacitor applications. Therefore,
SiO, aerogel electrodes have excellent charge/discharge
characteristics in organic electrolyte.

The Ragone plot of SiO, aerogel supercapacitor, which
is used to relate the power density to the energy density, is
exhibited in Fig. 7. The energy and power densities were
calculated by means of constant-current charging—discharging
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Fig. 7 Ragone plot relating power density to achievable energy
density of the SiO, aerogel capacitor



ITonics (2009) 15:561-565

565

of a supercapacitor using a cell-voltage window of 2.5 V and
current densities between 100 and 1,000 mA g '. The energy
and power densities can be calculated as following [20]:

E=CV*/2 (2)

P=iV)2 (3)

where C, V, and i are the gravimetric capacitance, the
potential at the start of discharge, and the current density,
respectively. As observed in Fig. 7, higher energy densities
were achieved at the expense of power capability in the
Si0, aerogel-based supercapacitor. In addition, the energy
density decreased with the increase of current density
because the electrolyte is hard to access by some pores at
higher current density. However, according to the result of
Fig. 7, the SiO, aerogel-based supercapacitor showed high
energy density and power density. Hence, SiO, aerogel has
the potential to be an active electrode material for super-
capacitor.

Conclusions

In this paper, the electrochemical performances of super-
capacitors based on SiO, aerogel, prepared by sol-gel
method, have been investigated for the first time. Accord-
ing to the N, adsorption analysis, SiO, aerogel studied in
this paper are typical mesoporous material and possess high
surface area. The specific capacitance of the supercapacitor
of about 62.5 F g~' was obtained using 1 M Et,NBF,/PC as
the electrolyte. The highly accessible surface area, stable
electrochemical properties, excellent reversibility, and the
long cycle life of SiO, aerogel electrode demonstrate that it

has potential advantages for the fabrication of super-
capacitors.
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