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Abstract A series of activated carbons with high meso-
porous ratio were prepared by KOH reactivation based on
activated carbon as the precursor. As the KOH/AC mass
ratio was increased to 4:1, the mesoporous ratio increases
from 60% to 76%, and the average pore size from 2.23 to
3.14 nm. Moreover, the specific capacitance for the
activated carbon in ionic liquid 1-ethyl-3-methylmidazo-
lium tetrafluoroborate ([EMIm]BF4) can reach the maxi-
mum value of 189 Fg−1 (8.0 μFcm−2). In addition, the
decrease of specific capacitance for activated carbons by
KOH reactivation with current density increase shows two
regimes, suggesting that activated carbons with high
mesoporous ratio are much fit for charge–discharge at
larger current density.
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Introduction

Room temperature ionic liquids (RTILs) [1–5] are
receiving more attention in the field of electrochemistry
for their unique physicochemical properties such as high

thermal stability, relatively high ionic conductivity, wide
electrochemical stability window, etc. RTILs have been
applied in a variety of electrochemical devices including
lithium rechargeable batteries, electric double layer
capacitors (EDLCs) [6–9], and solar cells. Noticeably, it
can provide higher energy density than water-system
electrolytes and improve the safety and capacity retention
of EDLCs at high temperatures compared to organic
electrolytes. Therefore, it is considered one of the most
promising electrolytes.

The energy storage mechanism in EDLCs is based on
an electrostatic attraction between charges along the
double layer formed at the electrode/electrolyte inter-
face. On the basis of the mechanism, the electrode
materials should have a high specific surface area for
charge accumulation. However, in fact, the higher
specific capacitance is not obtained from activated
carbon with higher specific surface area due to the
complication of activated carbon such as pore structure,
functional group, pore size, etc. It has been demonstrated
that the relationship between the material pore size and the
ionic dimension of the solution species is especially
important for the total capacitance of EDLC because of a
molecular sieving effect [10–14]. Recently, template
carbonization is applied to prepare mesoporous carbons
with tunable structures and textures through the selection
of templates, carbon precursors, etc. [15–19]. Excellent
electrochemical performance of zeolite-templated carbons
demonstrates the porous carbon materials should be
promising candidates for electrode materials. However,
the template technique is costly and requires complicated
processes, which limits its industrial application.

Therefore, in the work, we have synthesized a series
of activated carbons with high mesoporous ratio by KOH
reactivation based on activated carbon as the precursor
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for the purpose of enhancing specific capacitance of
EDLCs. The electrochemical performance of carbon
materials are tested in 1-ethyl-3-methylmidazolium tetra-
fluoroborate ([EMIm]BF4) at ambient temperature. The
main purpose is focused not only on an advanced
understanding of the electrochemical behavior of activated
carbon as electrode materials for EDLCs based on ionic
liquid as the electrolyte but also on the relationship
between the porous structures and electrochemical
performance.

Experimental

Synthesis of [EMIm]BF4

To prepare 1-ethyl-3-methylimidazolium bromide ([EMIm]
Br), the precursor for [EMIm]BF4, 90 cm3 ethylbromide
(Chemistry Reagent Co. Ltd of Shanghai, China H2O<
0.005%) was first slowly added to a solution of 35 cm3 of
1-methylimidazole (Michael Kors H2O<0.005%) in
100 cm3 of 1,1,1-trichloroethane under stirring conditions.

Table 1 Pore characteristics and specific capacitance of all samples with different R value

Sample R value SBET (m2g−1) Vtotal (cm
3g−1) Ratiomeso (%) L0 (nm) Specific capacitance (Fg−1)

Galvanostatic discharge Impedance spectroscopy

AC 0 806 0.45 60.0 2.23 52 48

RAC2 2 1,961 1.37 68.4 2.79 150 143

RAC3 3 2,196 1.64 74.9 2.99 173 168

RAC4 4 2,357 1.85 76.0 3.14 189 183

Fig. 1 Nitrogen adsorption–desorption isotherms of all samples
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The mixture was further stirred for 3 h at ambient temperature
before reflux at 70 °C for 24 h. The mixture was then allowed
to cool completely and age for about 12 h, thus giving rise to
the formation of a two-phase system. After separation from the
mixture using a separatory funnel, the lower phase containing
[EMIm]Br was washed twice with 100 cm3 portions of 1,1,1-
trichoroethane and then dried at 70 °C under reduced
pressure. The yield of [EMIm]Br is 69.3 g (57.6 wt.%).

Next, 10.5 g of NH4BF4 was added into 250 cm3

acetonitrile (Chemistry Reagent Co. Ltd of Shanghai, China
H2O<0.005%) containing 19.2 g [EMIm]Br, and the
solution was stirred for 6 h. The white NH4Br precipitate
was filtered off, and acetonitrile was evaporated from the
clear filtrate at 60 °C under vacuum; the remaining liquid
salt, [EMIm]BF4, was dried for 12 h at 80 °C under
vacuum. The yield of [EMIm]BF4 is 12.5 g (78.2 wt.%).

Preparation of activated carbons with high mesoporous
ratio

The preparation of activated carbons with high mesoporous
ratio was carried out by means of KOH reactivation for

which activated carbon (commercial purchase from Xinhua
Co. Ltd of Shanxi, China) was chosen as precursor. A solution
of activated carbon, KOH and H2O (mAC:mKOH=2–4) was
well agitated and dispersed by ultrasonic. After stabilized
in air for 12 h at ambient temperature, the mixture was
heated at a rate of 4 °Cmin−1 to 850 °C and maintained at
this temperature for 1 h in N2. The resultant samples were
washed with deionized water to neutral and then dried at
105 °C for 12 h. The initial activated carbon and
reactivated carbons based on different KOH/AC mass
ratio (R value) were denoted as AC, RAC2, RAC3, and
RAC4, respectively. The main parameters of all samples
were shown in Table 1.

Specific surface area and pore structure were character-
ized by N2 adsorption–desorption isotherms at 77 K
(Sorptomatic 1990, Italy). The specific surface area was
obtained using Brunauer–Emmett–Teller (BET) method.
Pore size distribution was calculated from the desorption
branch of the nitrogen isotherm using Bopp–Jancso–
Heinzinger (BJH) method. The total pore volume (Vtotal)
was calculated at the relative pressure of 0.99. Average pore
size (L0) was obtained using BJH method.

Fig. 2 Pore size distribution of all samples
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Preparation of electrodes and capacitors

RACs (85 wt.%), graphite (10 wt.%), and polytetrafluoro-
ethylene (5 wt.%) were mixed and stirred adequately, and
the paste thus formed was pressed onto a foam nickel. The
electrodes formed in this way were 10 mm in diameter and
0.2 mm in thickness. The charge collector (stainless steel),
electrode, separator (polypropylene)/electrolyte solution,
electrode, and charge collector were assembled in sequence
as a sandwich and enveloped in a cell.

Measurement of electrochemistry performance

Electrochemical performance was measured by using Arbin
BT-4+ (America). Based on galvanostatic charge–discharge
experiments, the C (Fg−1) of a single electrode was
calculated from the formula C ¼ 2It=ΔVm, where I was
the discharge current, t was the discharge time, ΔV was the
potential change in the discharge, and m was the mass of
the active electrode material. Impedance measurements
were performed at the electrochemistry station (CHI600C)
at open circuit voltage with a ±5 mV voltage amplitude and
wide frequency range (100 kHz–10 mHz). The capacitors
were cycled between 0 and 2 V in [EMIm]BF4 for
maintaining steady electrochemical performance.

Results and discussion

The N2 adsorption–desorption isotherms at 77 K for AC and
RACs are presented in Fig. 1. The isotherm is typical type-I
for AC with well-defined plateaus, indicating the apparent
micropore characteristic of the carbon material. However,
type-IV isotherms could be found for RACs. It is clear that
RACs exhibit hysteresis loops over a wide range of relative

Fig. 3 Cyclic voltammograms of a AC and b RAC4 based on
[EMIm]BF4 as the electrolyte

Fig. 4 Galvanostatic charge–discharge curves of AC (circle) and
RAC4 (filled circle) based on [EMIm]BF4 as the electrolyte

Fig. 5 Specific capacitance versus current density for AC (circle) and
RAC4 (filled circle)

610 J Solid State Electrochem (2011) 15:607–613



pressure (0.4∼0.9), which is associated with the capillary
condensations taking place in the mesopores [20], suggesting
that some mesopores occur clearly for RACs. Furthermore,
the hysteresis loops for RACs are more obvious with R value
increase, indicating the mesoporous ratio of carbon materials
increases with the amount of KOH increase.

Figure 2 presents pore size distribution of AC and RACs,
respectively. The peaks at 3.53 and 4 nm point out that the
pores of 3.53 and 4 nm are developed abundantly for RACs.
Moreover, the bigger the R value, the more abundant pores
with 3.53 and 4 nm are. The explanation is that metal
potassium can intercalate easily into micropores of activated
carbon and further etch the micropore structures to develop
the mesopores at high temperature [21–25].

The porous texture parameters of all samples are listed in
Table 1. Both the BET surface area and total pore volume
increase dramatically with the R value and reach the
maximum value of 2,357 m2g−1 and 1.85 cm3g−1,
respectively, at R=4, a highly developed porous structure.
The mesoporous ratio and average pore size of carbon
materials increase markedly with the increase of the R value
and reach the maximum value 76% and 3.14 nm for RAC4.
The RAC samples with R value over 2 possess both high
surface area and well-developed mesoporous structure,
which is very attractive for EDLCs.

For simplicity, sample RAC4 is adopted for comparison
of electrochemical performance with AC based on [EMIm]
BF4 as the electrolyte. Figure 3 shows cyclic voltammo-
grams of AC and RAC4 in [EMIm]BF4 at voltage scan
rates of 2, 5, 10, and 20 mVs−1. The well-defined
rectangular voltammograms without any peaks for two

Fig. 6 a Niquist plots and capacitance versus b frequency depen-
dence of AC (filled circle) and RAC4 (circle) based on [EMIm]BF4 as
the electrolyte

Fig. 8 Cycle life of EDLCs based on AC (circle) and RAC4 (filled
circle) as electrode materials at a constant current density of 1 mA
cm−2

Fig. 7 Specific capacitance versus temperature for AC (circle) and
RAC4 (filled circle)

J Solid State Electrochem (2011) 15:607–613 611



samples at the low voltage sweep rate of 2 mVs−1 suggest a
pure electrostatic attraction, i.e., a typical capacitive
behavior. But these become distorted with the increase of
voltage scan rate, especially that of AC in [EMIm]BF4,
which are considered to be usually associated with ohmic
loss of EDLCs due to large interface impedance resulting
from narrow micropores of carbon material.

Galvanostatic charge–discharge is performed to deter-
mine specific capacitance of AC and RAC4. The linear
voltage–time dependence for AC and RAC4 demonstrates
the typical capacitive behavior of the cell (Fig. 4). The
specific capacitance of AC and RAC4 is found to be 52 and
189 Fg−1 (6.4 and 8.0 μFcm−2), respectively, at 1 mAcm−2.
The specific capacitance value of other samples is shown in
Table 1. The specific capacitance for AC is almost
consistent with literature data reported, but for RAC4 is
high than corresponding data [26], suggesting important
influence of mesopores on specific capacitance.

Variation in the specific capacitance versus current
density for AC and RAC4 is shown in Fig. 5. As the
current density increases, the specific capacitance
decreases, but behavior occurred in a different manner for
two samples. The specific capacitance almost decreases
linearly for AC as the current density increases. However,
the curve of specific capacitance versus current density for
RAC4 shows two regimes. The specific capacitance
decreases sharply as the current density increases at a small
current density range, but a slow decrease of the specific
capacitance can be observed as current density increase,
which may be associated to the presence of mesopores [27].
The experimental results show that RACs are much fit for
charge–discharge at larger current density.

Electrochemical impedance spectroscopy (EIS) has been
used to investigate the performance of EDLCs such as
internal resistance, capacity, etc. Fig. 6a shows the relation
between Z″ (imaginary) and Z′ (real) impedance compo-
nents of EDLCs based on AC and RAC4 as the electrode
materials, respectively. The Niquist plots of AC and RAC4
consist of a semicircle at high frequency, a line with a slope
close to 45° within the middle frequency, and an almost
vertical line at low frequency. However, the Niquist plot of
AC has a large semicircle at high frequency; it can be
suggested that there is large resistance at the interface of
electrode/electrolyte due to small pore structure of activated
carbon compared to ion dimension, which will result in the
serious deterioration of the capacitance at high discharge
current. The capacitance–frequency dependence of EDLCs
based on AC and RAC4 as the electrode materials is shown
in Fig. 6b. The specific capacitance of AC and RAC4 is
calculated using the following formula:

C¼ �1

2pf � Zim
ð1Þ

where f is the applied frequency; Zim is the imaginary part
of impedance. The capacitance values of AC and RAC4
measured by EIS are lower than that measured by
galvanostatic charge–discharge due to the fact that alternat-
ing current penetrates into the electrode bulk with more
hindrance [28].

Figure 7 shows specific capacitance versus temperature
for AC and RAC4. The specific capacitance for two
samples increases gradually, as the temperature increases,
and reaches the maximum value of 150 and 279 Fg−1,
respectively, at 80 °C. This can be ascribed to viscosity
decrease and conductivity increase of ionic liquid due to
increasing temperature.

The long cycle stability of EDLCs based on AC and
RAC4 as the electrode materials in [EMIm]BF4 during
galvanostatic charge–discharge processes is also measured
(shown in Fig. 8). After 1,000 cycles, only about 5.8% for
AC and 5.1% for RAC4 loss of capacitance can be found.

Conclusion

Pore structures of activated carbon can remarkably change
by KOH reactivation. When the KOH/AC mass ratio is 4,
the mesoporous ratio and average pore size reach the
maximum value of 76% and 3.14 nm, respectively.
Moreover, a high specific capacitance of 189 Fg−1

(8.0 μFcm−2) based on ionic liquid as the electrolyte for
RAC4 can be obtained. The results indicate that activated
carbons with high mesoporous ratio prepared by KOH
reactivation are promising electrode materials for EDLC.
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