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a b s t r a c t

The pore structures of carbon aerogels were designed and controlled by changing conditions for both the
microemulsion-templated sol–gel polymerization and the KOH activation processes. The resulting pore
structures were characterized by means of N2 adsorption and SEM. A new pore model is proposed and the
relationship between the pore structures of the activated carbon aerogels (ACAs) and their electrochemical
performance is discussed. The experimental results show that the ACAs which were prepared contain four
types of pores: (A) micropores with diameters below 2 nm; (B) small mesopores with diameters from
2 to 5 nm; (C) large mesopores with diameters from 5 to 40 nm; and (D) large pores and channels with
diameters over 40 nm. Appropriate activation with KOH can increase the numbers of micropores and small
mesopores as well as the BET areas, resulting in an increase in the specific capacitance (Cs) of the ACA
samples. The type D pores and channels play an important role in the enhancement of the electrochemical
capacitance under high charge–discharge current conditions. Though ACAs with different porous models

show a linear relation between Cs and BET area separately, the surface areas of micropores of the ACAs
with appropriate type D pores and channels have a higher accessibility and efficiency in the storage of
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energy than those with cl

. Introduction

Increasing attention has been paid to electrochemical capac-
tors because they provide a relatively safe and environmentally
riendly electrical energy storage device. Porous carbon materi-
ls such as activated carbons, carbon aerogels, carbon xerogels,
anostructured carbons are usually utilized as electrode materials,
nd exhibit good electrochemical performance because these
aterials possess both a high surface area and pores which are

dapted to the size of ions. These characteristics are crucial for
ood supercapacitor performance [1]. Carbon aerogels (CAs) are
onsidered to be perfect electrode materials for electrochemical

apacitors due to their unique three-dimensional nano-network,
igh specific surface area, abundant mesopores and high electric
onductivity [2–4]. According to reports in the literature, it can
e concluded that many factors affect the electrochemical per-
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ormance of supercapacitors, including their specific surface area,
ore volume, pore size distribution, as well as the surface groups
f the electrode materials [4–8]. Meng et al. reported that both
he surface area and pore volume of carbon aerogels determine
heir specific capacitance. High pore volume and wide pore distri-
ution contribute to increasing their capacitance [5]. Frackowiak
oncluded that micropores (with diameters less than 2 nm) play
n essential adsorption role in the formation of the electrical
ouble layer, and the presence of mesopores (diameters 2–50 nm)

s necessary for efficient charge propagation into the bulk of the
lectrode material, allowing the so-called frequency response to be
ulfilled [6]. Azais et al. indicated that the concentration of surface
roups and their nature were found to have an important influence
n the performance degradation of supercapacitors [7]. Zhuang
t al. reported that activated carbons with larger micropores
ave a larger specific capacitance and a higher discharge rate [8].
ummarizing the reported results in the literature, it was found

hat the electrochemical capacitance is generally proportional to
he specific surface area for the same kind of carbon materials,
ut this relation is not necessarily valid when comparing different
inds of carbon materials. This is implied by observation that the
nergy storage efficiencies of the surface area for different carbons

http://www.sciencedirect.com/science/journal/03787753
mailto:cesfrw@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.06.070


5 wer So

a
C
t
p
s
v
e
s
t
b
t
w
t
c

2

2

a
r
m
d
w
v
b
d
d
a
e
p

t
w
f
d
c
o
t
w
d
p
r
t
a
a

2

a
i
l
(
f
d
T
(

2

w

r
s

2

(
(
i
c
t
2
1
a
a
E
u
t
m
a

3

3

b
c
R
c
r
1
t
o
r
n
m
the carbon nanoparticles of the samples; (B) small mesopores with
diameters from 2 to 5 nm, which are also located within the carbon
nanoparticles; (C) large mesopores with diameters from 5 to 40 nm,
which are formed from the closely packed carbon nanoparticles;
(D) large pores and channels with diameters over 40 nm, which
90 J. Wang et al. / Journal of Po

re not the same. From previous studies, we discovered that the
As prepared under different conditions possess a variety of elec-
rochemical capacitances and a range of dynamic charge–discharge
erformance. Up to now, the relationship between the porous
tructures of CAs and their electrochemical performance is not
ery clear. Therefore, the objective of the present research was to
xplore the relationship between the average pore size and the pore
ize distribution of CAs and their electrochemical performance. In
his work, the pore structures of CAs were designed and controlled
y changing the conditions under which the microemulsion-
emplated sol–gel polymerization and the subsequent activation
ere carried out. The pore structures of the samples and their elec-

rochemical performance were studied by means of N2 adsorption,
yclic voltammetric measurements, and other techniques.

. Experimental

.1. Preparation of CAs and activated carbon aerogels

The resorcinol-formaldehyde (RF) CAs were prepared by an
mbient pressure drying method according to the procedure
eported in the literature [9]. According to the predetermined for-
ulations, all reactants, including resorcinol (R), formaldehyde (F),

eionized water (W) and cetyltrimethylammonium bromide (C),
ere mixed by a magnetic stirrer and then transferred into a glass

ial (∼20 ml). The vial was sealed and then was put into a water
ath (85 ◦C) to cure for 5 days. After curing, the gels were directly
ried in air at room temperature for 2 days at first, and then further
ried under an infrared lamp with an irradiation temperature of
bout 50 ◦C for 1 day, and finally dried in an oven at 110 ◦C at ambi-
nt pressure for 3 h. Subsequently, the resultant RF aerogels were
yrolyzed at 300–900 ◦C for 3 h in flowing N2.

Activated carbon aerogels (ACAs) were prepared according to
he following procedures: Approximately 2 g of CAs were mixed
ith KOH pellets at a mass ratio of KOH to CAs (K/CA ratio) ranging

rom 0.5/1 to 7/1 in a glass beaker and 5 ml ethanol was added to
issolve the KOH pellets. The mixture was dried at 110 ◦C and then
arbonized in a tubular furnace at 900 ◦C for 3 h with a heating rate
f 5 ◦C/min under flowing nitrogen. After the mixture cooled down
o room temperature, the resultant materials were taken out and
ashed with 10% HCl and distilled water. Finally, the materials were
ried at 110 ◦C for 6 h. The resulting products are referred to in the
aper as ACA-xx/yy-Kz, where the xx, yy and z denote the ratio of
esorcinol to catalyst (R/C ratio), carbonization temperature, and
he K/CA ratio, respectively. The activation yields of ACA samples
re 16–68 wt% (e.g., for the ACA-500/500-Kz series, when z = 1, 3, 5
nd 7, and the yield = 63, 33, 27 and 16 wt%, respectively).

.2. Measurement of the pore parameters

Samples of approximately 0.1 g were heated to 250 ◦C to remove
ll the adsorbed species. Nitrogen adsorption and desorption
sotherms were then taken using an ASAP 2010 Surface Area Ana-
yzer (Micromeritics Instrument Corporation). The BET surface area
SBET), the micropore size distribution, the volume (Vmic) and sur-
ace area (Smic) of micropore, and the volume (Vmes) and pore size
istribution of mesopore were analyzed by BET (Brunauer-Emmett-
eller) theory, HK (Horvath-Kawazoe) theory, t-plot theory, and BJH
Barrett-Joyner-Halendar) theory, respectively.
.3. SEM observation

The samples were mounted on a sample holder and coated
ith an Au alloy. The morphology images of the samples were
urces 185 (2008) 589–594

ecorded using a JEOL JSM-6330F Scanning Electron Micro-
cope.

.4. Electrochemical measurements

Measurement samples were prepared by mixing CA samples
with diameters less than 125 micron) and polytetrafluorethylene
PTFE) together in a ratio of 92:8, and then rolling the mixture
nto a film with a roller, cutting the film into a suitable shape and
overing a 1 cm by 1 cm plain nickel foam (current collector) with
he film, and finally pressing the ensemble together under about
MPa. The thickness of the CA layer on the electrode was about
50 �m. Electrochemical measurements (cyclic voltammetry (CV)
nd AC impedance) were carried out at room temperature using
30% KOH aqueous solution as an electrolyte, and using an IM6e
lectrochemical Workstation with a typical three-electrode config-
ration. The reference electrode is Ag/AgCl. In CV measurements,
he potential scan rates were set as 0.5–100 mV/s. In AC impedance

easurements, the range of frequency was set to go between 0.01
nd 10000 Hz.

. Results and discussion

.1. Structural control and characterization of CAs

It is well known that the porous structures of CAs can be adjusted
y gelation conditions and by activation [9,10]. We designed and
ontrolled the porous structures of ACAs by mainly changing the
/C ratio, carbonization temperature and K/CA ratio, and we then
haracterized them by nitrogen adsorption and SEM. Figs. 1 and 2,
espectively, show the pore size distribution of ACAs prepared with
25 and 500 R/C ratios and with different K/CA ratios. According
o the curves of the pore size distribution (Figs. 1 and 2) and SEM
bservation (Fig. 3), we proposed a new porous model for CA mate-
ials. Different from the reported model in the literature [11], the
ew model divides the pores of CAs or ACAs into four types: (A)
icropores with diameters below 2 nm, which are located within
Fig. 1. Pore size distribution of ACA-125/900 samples with different K/CA ratios.
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ig. 2. Pore size distribution of ACA-500/900 samples with different K/CA ratios.
re formed from the loosely packed carbon nanoparticles. The pore
odel is schematically shown in Fig. 4. For the ACAs which were

repared, most of type A pores are interconnected with type B pores
hich are interconnected with type C or type D pores.
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Fig. 3. SEM images of (A) CA-500/9

ig. 4. Schematic diagram of pore structures of ACAs. (A) micropores within carbon nan
ormed from the closely packed carbon nanoparticles; (D) large pores and channels forme
urces 185 (2008) 589–594 591

Generally, activation with KOH greatly increased the amount of
ype A pores and especially increased the number of type B pores,
nd sequentially increased the BET surface areas (see Figs. 1 and 2
nd Table 1). However, when the CA was synthesized with a 125 R/C
atio, its network construction was weak and was easily damaged
y KOH activation, which would cause the carbon nanoparticles to
ack more closely. Therefore, the diameter of the type C pores of
he ACA-125/900-Kz materials was shifted down from 25 to 15 nm
hen the K/CA ratio increased from 1 to 5. When the K/CA ratio
as over 5, the BET surface area of the ACAs would decrease.

However, the comparison of Figs. 1 and 2 indicated that an R/C
atio of 500 is advantageous to loosely pack the carbon nanoparti-
les and therefore these conditions obviously increase the amount
f type D pores. Additionally, it can be seen from Fig. 2 that the
iameters of the type C and D pores of the samples synthesized
ith the 500 R/C ratio were almost not affected by KOH activation

ecause their network skeletons were strong and stable. Therefore,
n order to increase the number of micropores and at the same time
eep the number of large pores and channels unchanged, a value
f 500 for the R/C ratio is recommended.
In order to reduce the concentration of KOH used for activa-
ion, which will benefit environmental protection, and to keep a
igh BET surface area for the ACAs, a semi-carbonization process
500 ◦C pre-carbonization) was adopted before impregnating the
ample with KOH. The KOH solution was easily dispersed into the

00 and (B) ACA-500/900-K5.

oparticles; (B) small mesopores within carbon nanoparticles; (C) large mesopores
d from the loosely packed carbon nanoparticles.
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Table 1
Textual characteristics of the ACA-125/900 samples

Sample SBET (m2 g−1) Smicro (m2 g−1) Smeso (m2 g−1) V (cm3 g−1) Vmicro (cm3 g−1) Vmeso (cm3 g−1) PDBJH (nm)

CA-125/900 607 326 310 1.29 0.15 1.17 15
ACA-125/900-K1 1374 751 617 1.68 0.35 1.35 8.7
ACA-125/900-K2 1591 715 873 1.70 0.33 1.40 6.4
ACA-125/900-K3 1626 741 868 1.74 0.34 1.42 6.5
ACA-125/900-K4 1628 647 969 1.92 0.29 1.65 6.8
ACA-125/900-K5 1268 361 867 1.70 0.16 1.55 7.1

Table 2
Specific capacitance (Cs) and equivalent series resistance (ESR) of ACAs

Sample SBET (m2 g−1) Cs (F g−1) ESR1 (�) at 10 kHz ESR2 (�) at 10 mHz

10 mV/s 50 mV/s 100 mV/s

CA-125/900 607 101 84 72 0.2 12.6
ACA-125/900-K1 1374 147 119 96 0.42 11.1
ACA-125/900-K3 1626 143 119 97 0.78 11.8
ACA-125/900-K5 1268 78 71 60 0.21 22.0
CA-500/900 520 107 83 66 0.16 18.2
A 130 0.37 11.6
A 170 0.17 15.2
A 201 0.80 17.2
A 100 0.89 37.6
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CA-500/900-K1 997 173 145
CA-500/900-K5 1619 199 182
CA-500/500-K1 1468 245 217
CA-500/500-K7 3247 244 149

emi-carbonized aerogel samples because the density of the aero-
el matrix is lower than that of the fully carbonized particles. On
he other hand, the semi-carbonized matrix was also active and
asily etched by KOH. Therefore, though the K/CA ratio was 1, the
ET surface area of the ACA-500/500-K1 was as high as 1468 m2 g−1

Table 2). When the K/CA ratio was at 3 or 7, the BET surface area of
he ACA-500/500-Kz was over 2000, or as high as 3247 m2 g−1. For
igh concentration KOH activation, the small mesopores (type B) of
he semi-carbonized ACAs also obviously increased (Fig. 5). But it

ust be pointed out that the network structure of the ACAs in this
ase was badly damaged and collapsed according to the SEM obser-
ation (Fig. 6), and therefore the large pores and channels (type D
ores) disappeared from the samples (see Fig. 5).

.2. Effect of porous structures on electrochemical performance

When the ACAs thus prepared were used as electrodes, they

resented perfect rectangular voltammograms (Fig. 7) [6]. Table 2
hows the specific capacitance (Cs) and equivalent series resistance
ESR) of ACAs. It can be seen that KOH activation obviously increases
he Cs of the ACAs. The highest Cs of the ACAs reached 245 F g−1 at
0 mV/s, which is higher than that of commercial super-activated

Fig. 5. Pore size distribution of various samples (see text).

Fig. 6. SEM images of (A) CA-500/500 and (B) ACA-500/500-K7.
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Fig. 7. Cyclic voltammetry of the electrodes of the C

arbon (HNAC-1, 232 F g−1 at 10 mV/s) under the same measure-
ent conditions. However, violent activation resulting from a high

oncentration of KOH (high K/CA ratio) might increase the BET area
f the aerogel samples but not the Cs because violent activation
ould damage the relevant large pores and the channels of the

amples. Therefore, ACA-500/500-K1 has the highest Cs, due to its
ppropriate high BET areas, as well as large pores and channels.
t is very important to emphasize that this sample also shows a
igh-speed charge–discharge performance. Its Cs at 100 mV/s was
s high as 201 F g−1, which was 82% of the value at 10 mV/s. It is
uggested that the high-speed charge–discharge performance of
he ACA-500/500-K1 is attributed to the abundant type D pores,
hich play an important role in the transfer of the electrolyte. When

he samples were activated with a high concentration of KOH that
aused the collapse of the large pores, such as for the samples ACA-
25/900-K5 and ACA-500/500-K7, their capacitances would greatly
ecrease, or their capacitances under high charge–discharge cur-
ents obviously decreased (see Table 2) because of the collapse of
he type D pores (see Fig. 5). These results indicated that the type D
ores of the ACAs are very useful for charge–discharge propagation.

According to their pores, we divided the ACAs into two groups
see Fig. 8). Group I includes the samples that mainly contain type A,

ype B and type D pores; Group II includes those mainly containing
ype A, type B and small diameter C pores. We found that both
roups of carbons show a linear relation between the Cs and the
ET area, separately (Fig. 9) [5,6]. But the slope of the linear line

Fig. 8. Pore size distribution of porous carbon samples discussed in the text.

T
w
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0/900 (Left) and ACA-500/900-K1 (Right) samples.

or Group I samples (Cs = 0.14SBET + 36.5) is much higher than that
or Group II samples (Cs = 0.058SBET + 46.9). That is, the surface area
or micropores) of Group I samples are more efficiently used in the
torage of energy.

In addition, the effect of the pore distribution on the electro-
hemical performance can also be seen from Figs. 10 and 11. The
mpedances and capacitances of Group II samples decrease more
uickly than those of Group I with an increase in the detection
requency.

Considering together the porous structures and the electro-
hemical performance of the Group I and Group II samples that
ere prepared, it is suggested that the micropores of the ACAs

type A pore) play an essential role for the accumulation of charges,
o that Group I and Group II ACAs both showed a linear rela-
ion between the Cs and the BET area, separately. However, the

icropores must be electrochemically accessible for ions to estab-
ish the electrical double layer [6]. The micropores in Group II
CAs are poorly accessible because they are blocked by the much
ore tightly packed carbon nanoparticles (forming closed type C

ores with small diameter). The abundant type D pores in Group
ACAs provide a rapid mass transport of ions within the elec-

rode, facilitating the charging and discharging of the double layer.

herefore, the porous structure of the abundant type D pores
hich are interconnected with small mesopores, which in turn,

re interconnected with micropores is very important for enhanc-
ng the efficient electrochemical surface area and increasing the

ig. 9. Linear relationship between Cs and the BET area of Group I and Group II ACAs
see text).
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Fig. 10. Impedance–frequency curves for different samples (see text).
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Fig. 11. Capacitance–frequency curves for different samples (see text).
ccessibility of micropores. This enhancement in surface area and
ncrease in accessibility greatly increase the electrochemical capac-
tance of the ACAs produced under high charge–discharge current
onditions.

[

[

urces 185 (2008) 589–594

. Conclusions

A new porous model for CA materials is proposed, in which
he pores of the ACAs that were prepared are divided into four
ypes: (A) micropores with diameters below 2 nm; (B) small meso-
ores with diameters from 2 to 5 nm; (C) large mesopores with
iameters from 5 to 40 nm; and (D) large pores and channels with
iameters over 40 nm. Appropriate activation with KOH increased
oth the number of type A pores and the BET areas, which in turn

ncreased their Cs. The type D large pores and channels formed
rom the loosely packed carbon nanoparticles played an important
ole in the transfer of the electrolyte, which greatly increased the
lectrochemical capacitance under high charge–discharge current
onditions. Violent activation with a high concentration of KOH
ight damage the relevant large pores and the channels which

bviously decreased the electrochemical capacitance and rapid
harge–discharge performance. Though the ACAs with different
orous models exhibited a linear relation between the Cs and BET
rea separately, the surface area (or micropores) of the ACAs with
ppropriate large pores and channels (type D pores) were more effi-
iently used in the storage of energy than those with closed type C
ores.
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