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Abstract−Carbon aerogel was chemically activated with KOH at various activation temperatures with the aim of
improving the electrochemical performance of carbon aerogel for EDLC electrode. Electrochemical performance of
activated carbon aerogel electrode was determined by cyclic voltammetry and galvanostatic charge/discharge methods
using coin-type EDLC cell in organic electrolyte. Activation temperature played an important role in determining the
electrochemical performance of activated carbon aerogel for EDLC electrode. Specific capacitance of activated carbon
aerogel at a high current density (5 A/g) showed a volcano-shaped curve with respect to activation temperature. Exces-
sively high activation temperature could have an adverse effect on the electrochemical properties of activated carbon
aerogel due to the low electrical conductivity caused by a collapse of characteristic structure of carbon aerogel. Among
the carbon samples, carbon aerogel activated at 800 oC with a high surface area and a well-developed porous structure
exhibited the highest specific capacitance. In addition, carbon aerogel activated at 800 oC retained a considerable spe-
cific capacitance at a high current density even after 1000 cycles of charge/discharge. Therefore, it is concluded that car-
bon aerogel activated with KOH at 800 oC can serve as an efficient electrode material for commercial EDLC with a
high power density.

Keywords: Carbon Aerogel, Electric Double Layer Capacitor, Organic Electrolyte, KOH Activation, Activation Tem-
perature

INTRODUCTION

The electric double layer capacitor (EDLC), the so-called super-
capacitor, has been applied in electrochemical devices such as mem-
ory back up, hybrid electric vehicles, and energy storage systems
[1-3]. Because of its unique properties, such as high power den-
sity, long life cycle, and fast charge-discharge rate, EDLC is widely
used in electric equipment [4,5]. Energy storage mechanism in EDLC
is the electrostatic storage of the electrical energy obtained by sep-
aration of charge at the interface between the surface of an elec-
trode and an electrolyte [6]. For this reason, the EDLC electrode is
required to have a high surface area for ion sorption, well-devel-
oped pore structure for the path of ion moving, good conductiv-
ity, and wettability for organic or aqueous electrolyte [7].

A number of carbon materials have been intensively investigated
as EDLC electrode. In particular, activated carbon has been rec-
ommended for commercial EDLC electrode due to its high sur-
face area, chemical inertness, and low cost [8-10]. However, the
relatively low conductivity of activated carbon is a serious draw-
back, so that the specific capacitance of activated carbon is very
low at a high charge-discharge current density [11]. To overcome

these problems, many carbon materials with high electric conduc-
tivity have been attempted for EDLC electrodes, including graphene
[12-15], carbon nanotube (CNT) [16-18], and carbon aerogel [19-
21]. In this study, carbon aerogel was selected as the electrode mate-
rial because the physical properties of carbon aerogel can be easily
controlled by the preparation conditions such as gelation tempera-
ture, pH value, and molar ratio of reactant/catalyst [22].

Carbon aerogel is a mesoporous carbon material derived from
gel, in which the liquid of the gel has been replaced with air [23].
Therefore, it has a three-dimensional network structure of carbon
particles, resulting in a high electric conductivity, a low density,
and other interesting properties [19]. However, a serious drawback
of carbon aerogel is that its surface area is much lower than com-
mercial activated carbon. Low surface area of carbon aerogel leads
to the limited power and energy densities in EDLC [24].

To increase the surface area of carbon material, various activa-
tion methods are generally employed. Activation methods are largely
classified as physical activation and chemical activation. Physical
activation uses steam or CO2 gas as activation agents [25-28]. On
the contrary, chemical agents such as KOH are generally utilized
in chemical activation [29-32]. Chemical activation method was
conducted using KOH as activation agent in this study. According
to the reported mechanism for chemical activation of carbon mate-
rial with KOH [29], KOH reacts with carbon material to produce
the reduced compounds such as K and K2CO3 by the following
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equations:

6KOH+2C↔2K+3H2+2K2CO3 (1)

4KOH+C↔4K+CO2+2H2O (2)

4KOH+2CO2↔2K2CO3+2H2O (3)

The K and K2CO3 produced in the reduction reaction of KOH could
be continuously removed from the reaction site by inert flow during
the activation step at high temperature and the subsequent wash-
ing process after the activation step. The removal of the reduced
compounds facilitates creating new pores, leading to a well-devel-
oped pore structure of carbon material. In the chemical activation
of carbon material, the activation temperature is known as one of
the crucial factors to increase the surface area and to develop the
pore structure [31]. However, any systematic investigation to see
the effect of activation temperature on the electrochemical proper-
ties of carbon aerogel for EDLC electrode in organic electrolyte
has not been attempted yet.

In this work, chemical activation of carbon aerogel using KOH
was conducted at various temperatures to investigate the effect of
activation temperature in chemical activation. For this purpose,
carbon aerogel was prepared by a sol-gel method using resorcinol
and formaldehyde precursors for polymerization. Activated car-
bon aerogels were applied to electrode in coin-type EDLC cells using
organic electrolyte. Coin-type EDLC cells were assembled using
two symmetrical carbon electrodes, and their electrochemical per-
formance was evaluated by cyclic voltammetry, galvanostatic charge/
discharge, and electrochemical impedance spectroscopy.

EXPERIMENTAL

1. Material Preparation
Resorcinol (C6H6O2, Sigma-Aldrich) and formaldehyde (H2CO,

Sigma-Aldrich) were used as starting materials for preparation of
carbon aerogel in ambient conditions. First, two starting materials
were polymerized in the aqueous solution to obtain resorcinol-form-
aldehyde (RF) gel. In the polymerization reaction, sodium carbon-
ate (Na2CO3, Sigma-Aldrich) was employed as a base catalyst. React-
ants in aqueous were maintained at about 40 wt%. Molar ratio of
resorcinol, formaldehyde, and sodium carbonated was fixed at 1 :
2 : 500. The solution was changed into the RF gel in the oven at
80 oC. To remove the water inside the RF gel, solvent exchange was
carried out with fresh acetone every 3 hours for 1 day. After the
solvent exchanging, the wetted RF gel was dried at room tempera-
ture. The dried RF gel was carbonized at 800 oC for 2 h with a nitro-
gen stream in a tube furnace to yield carbon aerogel. The obtained
monolithic carbon aerogel was finally ground for the activation
step.

To investigate the effect of activation temperature, chemical acti-
vation was conducted at various temperatures in the range of 600-
900 oC. Activated carbon aerogel was prepared by the pyrolysis of
carbon aerogel with KOH. The mass ratio of carbon aerogel : KOH
was fixed at 4 : 1. Carbon aerogel and KOH were physically mixed,
and then activated at 600, 700, 800, and 900 oC, respectively, for
2 h under a nitrogen stream. The activated samples were washed
with distilled water to remove the remaining KOH and impurities

such as K and K2CO3. The resulting powder was finally dried at
50 oC overnight. The activated carbon aerogels were denoted as
ACA_X (X=600, 700, 800, and 900), where X represents activation
temperature.
2. Characterization

Texture properties of the prepared samples were investigated by
N2 adsorption/desorption method at 77K from ASAP 2020 (Micro-
meritics) instrument. Obtained adsorption/desorption plots were used
to calculate the surface areas of the samples by Brunauer-Emmett-
Teller (BET) equation and to determine the pore size distributions
of the samples using the Barrett-Joyner-Halenda (BJH) method
with the desorption branch. SEM analysis (Jeol, JSM-6700F) was
conducted to investigate the surface morphology of the samples.
Crystal structure of the samples was investigated by XRD measure-
ments (Shimadzu, XRD-7000) using Cu-Kα radiation (λ=1.54056Å)
operated 40 kV and 40 mA.
3. Electrochemical Performance of EDLC Electrode in Organic
Electrolyte

Electrochemical performance of the samples was examined using
coin-type cell EDLC in organic electrolyte. Electrode was prepared
by mixing active material (80 wt%), conductive additive (Super-P,
10 wt%), and binder (Polyvinylidene fluoride, 10 wt%) in 1-methyl-
2-pyrrolidone (NMP) to form slurry. Carbon aerogel (CA) and acti-
vated carbon aerogels (ACA_X) were used as active materials for
EDLC electrode. Electrode sheet was obtained by coating the slurry
onto the etched aluminum foil (current collector) using a doctor-
blade apparatus. The coated foil was dried in an oven at 70 oC for
one day, and then, the dried foil was pressed using a double-roll
press at 80 oC.

Coin-type EDLC cells were fabricated using two symmetrical
carbon electrodes, separator, and organic electrolyte. The prepared
electrode sheet was punched into the small disks with 18mm diame-
ter, and then it was soaked in organic electrolyte (1M tetraethylam-
monium tetrafluoroborate in acetonitrile, TEABF4/AN) for one day
in a glove box filled with argon. The sufficiently wetted two elec-
trodes were placed into the coin cells. Separate with a diameter of
19 mm was placed between the same electrodes. Finally, coin-type
cell was assembled using a coin cell crimper.

Cyclic voltammetry, galvanostatic charge/discharge, and electro-
chemical impedance spectroscopy measurement were carried out
to investigate the electrochemical properties of the samples. Cyclic
voltammetry measurements were conducted at scan rates of 10mV/s
and 100mV/s with in the voltage range of 0-2.5V. Charge/discharge
measurements were performed at various current loads from 1 to
5 A/g within the same voltage range as cyclic voltammetry meas-
urements. To evaluate the cell resistance, electrochemical imped-
ance spectroscopy (EIS) measurements were also carried out with
in the frequency range of 100 kHz to 0.01 Hz at open circuit poten-
tial with an AC 5 mV.

RESULTS AND DISCUSSION

1. Physical Properties of Carbon Aerogel (CA) and Activated
Carbon Aerogels (ACA_X)

Surface area and pore size distribution of electrode material are
well known to be one of the crucial factors to determine its elec-
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trochemical performance for EDLC [24]. N2 adsorption/desorp-
tion measurements were carried out at 77K, to investigate the textural
properties of carbon aerogel (CA) and activated carbon aerogels
(ACA_X). Type IV isotherms with H2 type hysteresis loop were
observed in all carbon materials (Fig. 1(a)). What is interesting is
that the hysteresis loop of activated carbon aerogels (ACA_X) was
shifted to the lower relative pressure with increasing activation tem-
perature (X). This result indicates that average pore size of acti-
vated carbon aerogels decreased with increasing activation tem-
perature. To confirm pore size of activated carbon aerogels, pore
size distribution plots were obtained from N2 adsorption/desorp-
tion isotherms through the BJH method with desorption branch
(Fig. 1(b)). As expected, a higher activation temperature resulted
in a lower average pore size of activated carbon aerogel. BET sur-
face area and average pore diameter of activated carbon aerogels
are summarized in Table 1. As the activation temperature increased,
BET surface area of activated carbon aerogel increased with a smaller
average pore size. From the results in N2 adsorption-desorption
analysis, it can be inferred that activation temperature have a strong

influence on the textural properties of activated carbon aerogels.
Surface morphology of activated carbon aerogel was observed

by SEM analysis. After activation of carbon aerogel with KOH, the
morphology of carbon aerogel was obviously changed. As shown

Fig. 1. (a) N2 adsorption/desorption isotherms and (b) pore size distributions of carbon aerogel (CA) and activated carbon aerogels (ACA_X).

Table 1. Physical properties of carbon aerogel (CA) and activated
carbon aerogels (ACA_X)

Surface area (m2/g)a Average pore diameter (nm)b

CA 0628 17.70
ACA_600 0895 14.40
ACA_700 1291 12.30
ACA_800 1493 12.40
ACA_900 1860 07.53

aSurface area was calculated by the Brunauer-Emmett-Teller (BET)
plot
bAverage pore diameter was determined by the Barret-Joyner-Hal-
enda (BJH) method with the desorption branch

Fig. 2. SEM images of (a) carbon aerogel (CA) and activated carbon aerogels (ACA_X) at the activation temperature (X) of (b) 600 oC, (c)
700 oC, (d) 800 oC, and (e) 900 oC.
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in Fig. 2(a), carbon aerogel retained an interconnecting network
structure of carbon particles with non-uniform textural porosity.
With increasing activation temperature up to 800 oC, the three-di-
mensional 3D network structure of carbon particles and the porous
structure of activated carbon aerogels were enlarged and developed,
respectively. Note that carbon aerogel activated at 900 oC (ACA_900)
exhibited an amorphous carbon structure due to the aggregation
of carbon particle during the activation step. The characteristic
structure of carbon aerogel is assumed to be collapsed after activa-
tion at 900 oC, indicating that excessively high activation tempera-
ture can have an adverse effect on the electrochemical properties
of carbon aerogel.

XRD patterns of carbon aerogel (CA) and activated carbon aero-
gels (ACA_X) are shown in Fig. 3. All carbon materials showed
two broad characteristic diffraction peaks of graphite carbon at 2θ=
23.5o (002) and 43.8o (001). Therefore, carbon aerogel and activated
carbon aerogels could be regarded as a partly graphitized carbon
[29]. Interestingly, the peak intensities gradually decreased with in-
creasing activation temperature. This result means that graphitic
characteristic of carbon aerogel decreased after activation with KOH,
in good agreement with SEM analysis. When considering the high
conductivity of graphitic carbon, carbon aerogel activated at exces-

sively high temperature may show a poor electrochemical perfor-
mance for EDLC electrode at high current density. Consequently,
it is believed that optimal activation temperature is required to im-
prove the electrochemical performance of carbon aerogel for EDLC
electrode.
2. Electrochemical Performance of Carbon Aerogel (CA) and
Activated Carbon Aerogels (ACA_X) by Cyclic Voltammetry
and Charge/Discharge Measurements

Cyclic voltammetry and charge/discharge measurements were
conducted to evaluate the electrochemical properties and specific
capacitances of activated carbon aerogels for EDLC electrode in
organic electrolyte. A commercial activated carbon (AC), which is
well known as MSP-20 (Kansai Coke & Chemicals Co., Japan), was
also investigated as a reference. Specific capacitance of activated
carbon aerogels was calculated using the following equation, where
Ia and Ic are the anodic current and the cathodic current, respec-
tively. dV/dt is the scan rate and m is the total weight of active car-
bon material for two electrodes.

All carbon materials showed rectangular, symmetric, and revers-
ible shaped CV curves in the voltage range of 0-2.5 V at a low scan
rate (Fig. 4(a)), indicating all samples retained general electrochem-
ical properties of carbon material for EDLC electrode. Among the
carbon materials tested, carbon aerogel activated at 800 oC (ACA_
800) showed the highest current density within all potential ranges
and exhibited the largest integrated area of CV curve (Fig. 4(a)). It
is interesting that carbon aerogel activated at 800 oC (ACA_800)
retained a larger integrated area of CV curve than commercial acti-
vated carbon (AC). When considering the fact that carbon aerogel
has a serious drawback for EDLC electrode due to its low surface
area compared with commercial activated carbon, a chemical acti-
vation with KOH was an efficient method to overcome the short-
coming of carbon aerogel. Although most of CV curves of activated
carbon aerogels became narrow and its symmetry decreased with
increasing scan rate, ACA_800 maintained the rectangular shaped
CV curve even at a high scan rate of 100 mV/s. The excellent capac-
itance behavior of ACA_800 at a high scan rate implies its low equiv-
alent series resistance (ESR). Specific capacitances of activated carbon

C = 
Ia + Ic

2m dV/dt( )⋅
-----------------------------

Fig. 3. XRD patterns of carbon aerogel (CA) and activated carbon
aerogels (ACA_X).

Fig. 4. Cyclic voltammograms of carbon aerogel (CA) and activated carbon aerogels (ACA_X) at a scan rate of (a) 10 mV/s and (b) 100 mV/s
(CV curves of commercial activated carbon (AC) were also included for a comparison).
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aerogel determined from CV curve are listed in Table 2. As expected,
the highest specific capacitance was obtained over ACA_800 elec-
trode.

Galvanostatic charge/discharge measurement was also carried
out to confirm the electrochemical properties of all samples. Fig. 5
shows the discharge curve of activated carbon aerogel at a constant
current density of 1 A/g, 3 A/g, and 5 A/g. Specific capacitances of
the samples were determined by the following equation for dis-
charge curves, and then, results are summarized in Table 3.

Here, I is the discharge current, Δt is the discharge time, m is the
total weight of active carbon material for two electrodes, and ΔV is
the operating voltage range during discharging. Activated carbon
aerogels showed a longer discharge than carbon aerogel at all cur-
rent densities, indicative of a larger specific capacitance of activated
carbon aerogels for EDLC electrode. This result means that chemi-
cal activation with KOH can serve as an efficient way to improve the

electrochemical performance of carbon aerogel. It is well known
that specific capacitance of carbon material is almost proportional
to its surface area [2]. Therefore, it is thought that the enhanced
specific capacitance of activated carbon aerogels may be due to the
increment of surface area by a chemical activation process.

As shown in Fig. 5 and Table 3, most of activated carbon aero-
gels experienced a decrement of specific capacitance with increas-
ing current density, which is a general tendency of carbon electrode
for EDLC in organic electrolyte. However, carbon aerogel activated
at 800 oC (ACA_800) exhibited excellent electrochemical perfor-
mance with almost no IR drop at a high current density of 5 A/g.
The high specific capacitance of ACA_800 at a high current den-
sity may be attributed to its high surface area obtained from chemi-
cal activation with KOH and well-developed porous structure of

C = 
I Δt⋅

m ΔV⋅
---------------

Table 2. Specific capacitances of carbon aerogel (CA) and activated
carbon aerogel (ACA_X) determined from CV curve

Scan rate
(mV/s)

Specific capacitance (F/g)
CA ACA_600 ACA_700 ACA_800 ACA_900

010 9.9 15.4 20.8 23.6 23.3
100 7.9 13.3 14.6 20.9 16.1

Fig. 5. Charge/discharge profiles of carbon aerogel (CA) and activated carbon aerogels (ACA_X) at a constant current of (a) 1 A/g, (b) 3 A/g,
and (c) 5 A/g.

Table 3. Specific capacitances (calculated from galvanostatic charge/
discharge measurements), Rs (solution resistance), and Rct
(charge transfer resistance) of carbon aerogel (CA) and acti-
vated carbon aerogels (ACA_X)

Specific capacitance (F/g)
Rs (ohm) Rct (ohm)

1 A/g 3 A/g 5 A/g
CA 08.7 06.6 05.0 2.4 9.5

ACA_600 14.5 13.8 12.0 3.4 7.2
ACA_700 20.7 16.8 14.0 2.2 4.5
ACA_800 23.3 23.1 21.0 2.6 2.6
ACA_900 21.2 16.5 14.0 2.0 7.3
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carbon particles. Well-developed porous structure of ACA_800 could
be favorable for ion diffusion of organic electrolyte. Although sur-
face area of carbon aerogel activated at 900 oC (ACA_900) is the
highest among the carbon samples tested in this work, ACA_900
rather than ACA_800 showed worse electrochemical performance
for EDLC electrode in organic electrolyte, especially at a high cur-
rent density. As we confirmed in SEM and XRD analyses, the net-
work structure of carbon particles disappeared after activation at
900 oC because of the aggregation of carbon particle during the acti-
vation step. This resulted in a low electrical conductivity of ACA_
900, leading to its low specific capacitance at a high current den-
sity.

To confirm the effect of activation temperature on the electro-
chemical performance of carbon aerogel, we plotted specific capaci-
tance of activated carbon aerogels as a function of activation tem-
perature (Fig. 6). Specific capacitance data were taken from dis-
charge curves measured at a current density of 5 A/g. Specific capac-
itance of activated carbon aerogel showed a volcano-shaped curve
with respect to activation temperature. Among the ACA_X sam-

Fig. 6. Specific capacitance of activated carbon aerogels with respect
to activation temperature.

Fig. 7. Nyquist plots of carbon aerogel (CA) and activated carbon
aerogels (ACA_X).

Fig. 8. Cycle stability of ACA_800 electrode for EDLC in organic
electrolyte.

ples, ACA_800 exhibited the highest specific capacitance (21.0 F/
g). Once again, we confirmed that activation temperature may be
a crucial factor in determining the electrochemical performance of
activated carbon aerogel for EDLC electrode.
3. Electrochemical Characterization by Electrochemical Imped-
ance Spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis was con-
ducted within a frequency range from at 100 kHz to 0.01 Hz. Fig.
7 shows the Nyquist plots of carbon aerogel (CA) and activated
carbon aerogels (ACA_X). Rs (solution resistance) and Rct (charge
transfer resistance) determined from Nyquist plot are summarized
in Table 3. The Nyquist plot consists of a semi-circle loop at a high
frequency and a straight line at a low frequency, indicative of the
charge transfer resistance and the Warburg response, respectively.
The first intersection on real axis of the plot indicates the bulk solu-
tion resistance (Rs). It is known that Rs is different depending on
the electrolyte conductivity and the identity of the separator [33].
Rct, which can be determined from the radius of a semi-circular
loop, comes from two factors: the electronic and the ionic resis-
tances. The electronic resistance includes the intrinsic resistance of
electrode material and the contact resistance between the active
layer and the current collector. The ionic resistance is related to the
electrolyte ionic conductivity inside the pores of electrode [33].

Among the activated carbon aerogels tested in this work, the radius
of the semi-circular loop of ACA_800 was the smallest (Fig. 7), in-
dicating the lowest charge transfer resistance of ACA_800. As ex-
pected, ACA_900 has a larger radius of semi-circular loop than
ACA_800 because of the collapse of three-dimensional network
structure and porous structure during the activation step at 900 oC.
From the EIS analysis, it is again confirmed that the enhanced elec-
trochemical performance of ACA_800 at a high current density
was attributed to its low electrical resistance resulting from a well-
developed porous structure.
4. Cycle Stability Test

To examine the cycle stability of activated carbon aerogel elec-
trode, a charge/discharge cycle test was conducted with coin-cell
type EDLC cell fabricated using ACA_800 as an electrode mate-
rial. Current density was maintained at 5 A/g and specific capaci-
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tance was determined from the discharge curve. As shown in Fig.
8, ACA_800 showed good stability during the cycle test. Even after
1000 cycles of charge/discharge, ACA_800 retained a considerable
specific capacitance compared to the initial cycles. Therefore, it can
be concluded that carbon aerogel activated at 800 oC can serve as
an efficient electrode material for commercial EDLC with a high
power density.

CONCLUSIONS

Carbon aerogel was prepared by a poly-condensation of resorci-
nol and formaldehyde, and then, it was chemically activated with
KOH at various activation temperatures to improve its electrochem-
ical properties. Surface area of activated carbon aerogels increased
with increasing activation temperature. However, the three-dimen-
sional network structure and the porous structure of carbon aerogel
were enlarged and developed, respectively, with increasing activa-
tion temperature up to 800 oC. Carbon aerogel activated at 900 oC
(ACA_900) exhibited an amorphous carbon structure due to the
aggregation of carbon particle during the chemical activation with
KOH, leading to a loss of unique structure of carbon aerogel.

Coin-type EDLC cells were fabricated using the activated car-
bon aerogels with the aim of evaluating their electrochemical per-
formance for EDLC electrode in organic electrolyte. Activated carbon
aerogels showed a higher specific capacitances than carbon aerogel,
indicating that chemical activation with KOH served as an efficient
method to improve the electrochemical performance of carbon
aerogel. However, ACA_900 rather than ACA_800 showed a lower
specific capacitance at a high current density due to the high charge
transfer resistance. This means that activation temperature played
a key role in determining the electrochemical performance of acti-
vated carbon aerogel for EDLC electrode. Among the activated
carbon aerogels, ACA_800 exhibited the highest specific capaci-
tance with good cycle stability. The enhanced electrochemical per-
formance of ACA_800 at a high current density was due to its high
surface area and well-developed porous structure obtained from
chemical activation with KOH.
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