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bstract

Polyacrylonitrile (PAN)-based, microporous activated carbon fibers (ACFs) were investigated as electrode materials for electrochemical capac-
tors in KOH electrolyte solutions. PAN–ACFs were analyzed by using nitrogen adsorption data and the Dubinin–Raduskevich equation. The
ore size distributions were narrow. As the micropore volume increased, the average micropore diameter decreased. Cyclic voltammetry (CV),

lectrochemical impedance spectroscopy (EIS) and charge–discharge profile analysis were used to investigate the penetrability of electrolyte ions
nto the carbon electrodes. The electrolyte ions in the carbon electrode with a large micropore diameter could be accessible easily even if the pore
ize distribution is narrow. However, the specific capacitance decreased in spite of the increase of the micropore volume.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Porous carbon is used as an electrode material in double-layer
apacitors (EDLCs) because of its large specific surface area,
igh electricalconductivity, structural stability, and environmen-
al compatibility [1–4]. The electrochemical characteristics of
DLCs with carbon electrodes rely heavily on the material prop-
rties of the carbon such as its specific surface area (SSA), pore
ize distribution, shape of pores, and surface functional groups
ncluding its purity and electrical conductivity [5–11]. In gen-
ral, a higher specific capacitance is known to be obtained with a
igher SSA of the carbon. Still, higher SSA does not guarantee a
igher specific capacitance particularly at high SSA, i.e., the ions
f electrolytes cannot access all of the pores of porous carbon.
ecently, carbon fibers with a high surface area and fiber-derived
roducts such as cloth have been gaining increased attention for
se in EDLCs [12–15]. The use of carbon fibers has several dis-

inct advantages over the particle-based approach; in particular,
he pore size and structure of the electrode are readily controlled
nd tailored to a specific application by varying both the diam-
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ter and length of carbon fibers. The access of the ions of the
lectrolytes is expected to play an important role in microporous
arbon materials [16–19].

In this study, the microporosity of polyacrylonitrile-based
ctivated carbon fiber(PAN–ACF) was controlled by applying
he tension during the stabilization of PAN fiber and changing the
OH/carbon ratio for the fibers with the constant tension. Porous
ctivated carbon fibers with varying microporosity were used
s electrode materials for EDLCs. Finally, the electrochemical
haracteristics were evaluated.

. Experimental

.1. Preparation of PAN–ACF

PAN precursor fiber (copolymer, Courtaulds Company) tows
ontaining 12,000 1.12-denier filaments were used as starting
aterials. The stabilized fiber was prepared at 250 ◦C for 3 h

n a forced convection oven. In preparing the stabilized fiber,

ension was applied to tows with one end of the fiber fixed; a
onstant weight was hung at the other end. The stabilized fiber
ithout the tension was labeled as T01. The stabilized fiber

pplying a tension of 600 gf was labeled as T61. The fibers were

mailto:kimsh@korea.ac.kr
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chains. This ladder formation reaction keeps the chains aligned
parallel to the axis even after the release of tension following the
treatment [21]. Some uncyclized structure left after stabilization
due to tension, are removed in the form of volatile products dur-
496 J.-G. Lee et al. / Journal of Po

mmersed in a 1-mole KOH solution for 1 h and then filtered
nd dried. The stabilized fibers stained with KOH were crushed
sing a mixer mill (Retsch M350, Germany). In particular, the
tabilized fiber subjected to a tension of 600 gf was impregnated
ith a 3-mole KOH solution for 1 h. This sample was labeled

s T63. The crushed fibers were heat-treated at 800 ◦C under a
itrogen atmosphere for 1 h and then washed using diluted 0.5 N
ydrochloric acid and hot water and finally dried. ACFs were
creened by length (38 �m or less).

.2. Carbon characterization

Nitrogen adsorption isotherms were measured at 77 K using
SAP 2010 (Micromeritics). Prior to each measurement, sam-
les were degassed at 573 K for 10 h. The specific surface area of
he sample was calculated using the BET model and the micro-
ore volumes were determined from Dubinin–Radushkevich
DR) equations. Pore size distribution was then calculated using
he DFT program provided by Micromeritics.

.3. Electrochemical measurements

Two-electrode capacitors were built from all of the ACFs. The
lectrode consisted of 85% ACF, 9% Super-P, 1% VGCF (Vapor
rown Carbon Fiber), and 5% binder (3% carboxymethyl cel-

ulose, 2% styrene butadiene rubber). The electrolyte was a
M KOH aqueous solution, and all the electrodes used had an
xposed area of 4 cm × 4 cm. The current collector used Ni foam
lectrode and Ni foil lead wire connection. For the electrochem-
cal measurements, impedance spectroscopy (Solatron, IM6)
as used with 5 mV excitation. Cyclic voltammetry (EG&G,
rinceton Applied Model 273A) was performed in the double

ayer region of potential ranging from 0 to 0.9 V in 6M KOH
lectrolyte solution. All the electrochemical measurements were
onducted at ambient temperature.

. Results and discussion

.1. Pore structure analysis

Fig. 1 shows the nitrogen adsorption/desorption isotherms of
he samples at 77 K. The isotherms of all samples are typical of
ype I which proves the existence of a microporous structure.
enerally, the isotherm shapes were similar for all samples. At
igh relative pressures, the T63 isotherm shows a hysteresis loop,
hich indicates that the sample contains some mesopores. The
esopores of T63 are negligible compared to the micropores.
The nitrogen isotherm of T63 also shows a remarkable uptake

t relative pressure in the range of 0.01–0.2, which is ascribed to
he presence of larger micropores. The adsorption in micropores
ccurs by a “cooperative pore filling” mechanism, which cor-
esponds to the filling process by molecules on the monolayer-

oated micropore walls [20].

Consequently, the second-layer adsorption occurs at rather
ow relative pressures, producing an initial uptake for T63, as
hown in Fig. 1.
Fig. 1. Nitrogen adsorption isotherm.

As the low-pressure region of the adsorption isotherms is
ery important, it is preferable to express the pressure axis of the
sotherm on a logarithmic scale. In order to analyze the shape of
he nitrogen isotherms over the range of low relatively pressures,
he experimental data are also presented in Fig. 2.

The marked adsorption of nitrogen below P/P0 = 10−5 is
aused by the accelerated bilayer adsorption discussed above.
he increase after the initial rapid uptake is due to the dominant
ooperative pore filling of the residual space between the second
dsorbed layers on the walls of slightly larger micropores.

It could be shown from Fig. 1 that the knee of T63 isotherm
as a more rounded shape under P/P0 = 0.2. In Fig. 2, the rapid
dsorption occurred in the range of relative pressure between
0−5 and 10−1.

As showed in Table 1, the increase of surface area causes an
ncrease of the micropore volume for the carbon samples. When
olyacrylonitrile fibers are heated in an oxidizing atmosphere
nder tension, the reorganized polymer chains align to form an
xygen-aided three-dimensional linkage of parallel molecular
Fig. 2. Adsorption isotherms of the samples in the wide pressure range.
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Table 1
Physical properties of the carbon samples

Carbon SBET
a (m2 g−1) Vmic

b (cm3 g−1) dc (Å) E0
d (kJ mol−1) Capacitancee (Fg−1)

T01 1005 0.51 7.0 17.63 126
T61 935 0.48 7.1 17.55 142
T63 2312 1.23 6.3 18.77 113

a Surface area by BET model.
b Micropore volume by DR plot.
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c Average micropore diameter by Stoeckli et al. [21].
d Characteristic energy by DR-plot.
e Specific capacitance by impedance spectroscopy.

ng a subsequent thermal process, and this leads to the formation
f voids in the final structure of the carbon fibers. The surface
rea of T01 is larger than that of T61 owing to the uncyclized
egions.

Stoeckli [22] proposed the following relation between the
haracteristic energy (E0) and the average pore diameter (d).

= 30

Eo
+ 5705

Eo
+ 0.028

Eo
− 1.49

n which d is the average micropore diameter expressed in nm
nd E0 is given in kJ mol−1.

This equation means that the larger the characteristic energy
E0) the smaller the micropore diameter [23,24].

Fig. 3 shows the pore size distribution of all carbon samples.
rom the pore size distribution shapes in Fig. 3 one could con-
lude that all the studied carbons possess narrow pores; however,
ajor contribution to the porosity is given by pores at pore diam-

ter >7 Å. The pore size distribution of T63 becomes narrower
lthough it contains the larger micropore sizes.

This pore narrowing is associated with the structural rear-
angements of the crystallites and also with the shrinkage of
he fiber, which occurs during the thermal treatment. Upon
reating the samples by means of KOH activation, the pore
etwork would be developed through deeper insertion of potas-

ium attached to the fiber. The activation process broadens first
he interstices between the structural units, and further reaction
auses to destroy overall fiber structure to be rearranged into
ccumulative amorphous carbons [25,26].

ig. 3. Pore size distributions of the samples by density functional theory (DFT).

b
t
t
c
i
r

Fig. 4. Cyclic voltammograms of the porous carbon electrode.

.2. Electrochemical characteristics

Fig. 4 shows the cyclic voltammograms experimentally
btained from the carbon electrode in a 6M KOH electrolyte
olution at sweep rate of 10 mV s−1. The voltammograms were
ecorded in the potential range between 0 and 0.9 V. No visi-
le peaks due to redox reactions were observed at the applied
otential sweep rate. At a voltage sweep rate of 10 mV s−1,
he carbon electrodes show the rectangular shape indicative of
apacitive behavior. However, the rectangular shape of T61 is
ess distorted than that of T63, which indicates a good capacitive
ehavior. Generally, the accessibility of the ions onto the elec-
rochemically active surface depends upon the pore diameter of
he active materials. The accessibility of ions to the T61 sample

ould be better than that of T63 due to the larger pore diameter
n spite of the fact that the surface area of T63 is large. These
esults agree with Fig. 5.

Fig. 5. Charge/discharge characteristics of the carbon electrode.
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Fig. 6. Nyquist plots of ac impedance measurements.

Fig. 5 exhibits charge–discharge curves (at the tenth cycle)
or the carbon electrodes using a 6 M KOH aqueous solution
t 10 mA cm−2. The curves were nearly linear, indicating that a
ood electrode/electrolyte interface was accomplished. The car-
on electrode displays a typical charge–discharge performance
ith a very low ohmic resistance at the potential switching point.
The Nyquist plots are shown for 4 cm × 4 cm cells assem-

led with two electrodes in Fig. 6. The frequency range studied
s 0.01 Hz–10 MHz. The intersect in Fig. 6 shows the high fre-
uency range. Fig. 6 shows that the carbon electrode behaves
s a pure resistor at high frequencies and as a capacitor at low
requencies. In the mid frequency range, it behaves as a combi-
ation of resistor and capacitor, where the electrode porosity and
ore shape of electroactive materials play a vital role in the deter-
ination of specific capacitance values. The above-mentioned

ffects shift the low frequency capacitive behavior towards more
esistive values along the real axis from which ESR (equivalent
eries resistance) arising due to the porous nature of the elec-
rode material could be obtained at the frequency of 1 kHz. In
he present study, the ESR value is higher due to the additional
DR (equivalent distributed resistance) arising from the resis-

ance offered by the diffusion of ions through the pores, which
ontributes to the overall resistance value. The ESR of T61, T01
nd T63 is 0.45, 0.468 and 0.486 � cm−2. The ESR causes an
hmic IR drop, resulting in a decrease of the specific capaci-
ance. This IR drop could be attributed to the resistance of the
lectrolytes and the inner resistance of ion diffusion in the carbon
icropores.
In spite of the higher resistance and lower specific capaci-

ance values, the carbon electrode of T63 has a fast response
ime: for T63, T01 and T61 this was 1.89, 2.33 and 2.57 s. This
lso means that T61 is more accessible than others for the pores.
n interesting point concerns the slope of the plot below the knee

requency. This part of the spectrum is related to electrolyte pen-
tration into the porous structure of the electrode. The increase of
he (�Z′′)/(�Z′) slope shows an improvement of the electrolyte

enetration into the electrode. Seen from Fig. 6, the slope follows
he sequence: T61 > T01 > T63, implying that T61 has a better
enetration of electrolyte ions into the electrode. This also could
e seen from the fact that the pore diameter of T63 is smaller.

o
c
d

Fig. 7. Total impedance vs. frequency plot by impedance spectroscopy.

Several papers [27–30] show that with decreasing frequency
he current penetrates deeper into the pore, making it possible
o obtain information on the pore shape from impedance mea-
urements.

The frequency dispersion could be seen in Fig. 6, where the
ow frequency impedance behavior is shifted from the theoretical
ertical line.

Fig. 7 shows the relationship between the total impedance and
he frequency. At low frequency, the resistive and the capacitive
ehavior could be seen at bottom of pores, since the electrolyte
ons then begin to reach deep into the pores. It could be shown
rom Fig. 7 that the total impedance of T63 is higher at low
requency. In Table 1, the pore diameter decreases as the char-
cteristic energy increases. The carbon electrode T63 could be
ess accessible than T61 owing to the pore diameter even if the
urface area of T63 is high. The small diameter micropore may
ot be accessible to the electrolyte solution; thus, the surface
rea of those non-accessible micropores will not contribute to
he total double layer capacitance of the material. The pore diam-
ter is possibly the measure of the penetrability of the electrolyte
ons.

Hitz et al. [31] showed the influence of pore geometry (pear-
hape, spherical and two-spheres) on the impedance spectra.

ith increasing f′, the opening of the pores increase and the
otal impedance decreases, but there is also a change in general
hape of complex plane plots. This means that with increases
n fraction f′ the high frequency feature becomes flatter and
ore linear, becoming increasingly similar to that of cylindrical

ores. Decreasing f′ shifts the low frequency capacitive behav-
or towards more resistive values along the real axis. This also
hould increase the total impedance.

In Fig. 7, the total impedance of T63 is higher at low fre-
uency, which indicates a higher internal resistance. All of the
ores of T63 should be difficult to be accessed electrochemi-
ally; that is, a lower resistance is associated with better elec-
rolyte pore accessibility.
Fig. 8 shows a specific capacitance vs. frequency plot
btained from impedance spectroscopy. From these plots, it
an be seen that all the samples exhibit a similar frequency
ependence, where the capacitances decrease noticeably at high
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ig. 8. Specific capacitance vs. frequency plot obtained from impedance spec-
roscopy.

requency–a typical charging characteristic of porous electrodes.
t lower frequency, the impedance plots approach a vertical line.
T61 shows a better capacitive behavior at low frequency. The

ores of T61 could be electrochemically accessed rather quickly
ue to the larger pore diameter. The specific capacitance (C) is
alculated from the imaginary part of the complex impedance
ccording to

= −1

2πfZ′′

here f is the applied frequency; Z′′ is the imaginary part of
mpedance.

The specific capacitance was calculated to be 142 Fg−1 for
he carbon electrode of T61, which is higher in value than the
arbon electrode of T01 (126 Fg−1) and T63 (113 Fg−1). The
igher specific capacitance of T61 is due to the small internal
esistance as shown in Fig. 7.

The time constant was calculated from the product of the
apacitance and ESR (at 1 kHz) of all carbon electrodes. The
ime constant is the measure of how fast the pores of the electrode
an be electrochemically accessed, at which time the pore walls
ould participate in double layer charging/discharging. The time
onstant of T61 is 0.33 s, for T01 it is 0.35 s and for T63 it is
.46 s. T61 exhibited a small time constant during the penetration
f electrolyte ions into the pores.

Fig. 9 shows the relationship between current density and
pecific capacitance by means of the 64-channel Maccor battery
ester after the carbon electrode was held at a constant voltage
0.9 V) for 10 min. As shown in Fig. 9, the specific capacitance
ecreases gradually with increasing discharge current density at
large discharge current density that leads to a small specific

apacitance.
The specific capacitance of T61 decreases more or less
apidly compared to that of T01 and T63 as current den-
ity increases. This better frequency behavior could be due
o the slightly larger pore diameter of the carbon electrode,
hich favors a better efficiency of ions accessing the active

urface.

[
[
[
[
[

ig. 9. Specific capacitance per unit weight of the samples as a function of the
pplied voltage.

. Conclusion

We have studied electrochemical capacitors containing
icroporous PAN–ACFs as electrode materials.
The increase of specific surface area increased the micropore

olume of PAN–ACF, yet decreased the micropore diameter.
uring the stabilization of the polyacrylonitrile fiber, tension

aused a decrease of the surface area due to uncyclized regions
f the fiber. The surface area of T01 was larger than that of T61.

The specific capacitance of T61 was larger than that of T01
nd T63 even though the surface area of T61 was smaller. This
as probably due to the larger pore diameter in spite of a pore

ize distribution that was narrow. The carbon electrode T63
ould be less accessible for electrolyte ions than T61 owing
o a small pore diameter.
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