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Abstract Microstructure and electric conductivity of
PAN-based activated carbon fibers (PAN-ACF) were
investigated using tension and KOH activation. The
application of tension during stabilization decreased
pore volume as well as specific surface area. Increase of
KOH solution concentration caused serious damage to
the surface of PAN-ACF. This surface damage of
PAN-ACEF resulted in increase of specific surface, pore
volume and wider pore size distribution. PAN-ACF
with higher tension showed higher electric conductiv-
ity. However, the electric conductivity was decreased
by the increased BET surface area.

Introduction

During the last years, the electrode materials for
electric double layer capacitor (EDLC) has been
extensively developed [1-3] due to the increasing
demand for a new kind of accumulators of electric
energy with a high specific power and a long durability.
A great interest has been focused on the application of
carbons as electrode materials because of their acces-
sibility, an easy processability and relatively low cost.
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Apart from it, carbon materials are environmentally
friendly. They are chemically stable in different solu-
tions (from strongly acidic to basic) and able for
performance in a wide range of temperatures.

Theoretically, in order to achieve high specific
capacitance, the carbon material of high surface area
should be chosen as electrode material. However, the
activated carbon manufactured under different condi-
tions may have different porosity and surface condi-
tions. All the BET surface area is not electrochemically
accessible. Several authors have observed that there is
significant deviation from linearity between BET
surface area and specific capacitance at high BET
surface area (i.e. >1000 m? g™') [4]. This deviation is
due to the non-accessibility of all the pores to the
electrolyte solution.

Carbon electrode is well polarizable; however, its
electric conductivity strongly depends on the thermal
treatment, microtexture, surface functional group and
content of heteroatom. In the investigation of materials
for paste electrodes of EDLC, the conductivity is one
of the essential properties. The influence of electric
conductivity in the promotion of double layer capac-
itance has already been suggested for carbon electrode
using commercial activated carbon [5], exfoliated
carbon fiber [6] and pitch-based carbon fiber [7]. It is
well known that the inclusion of conductive filler can
greatly alter the dielectric characteristics of the poly-
mer medium in which they are dispersed [8-10].

This study is to investigate the effect of microtexture
and surface functional group on the electric conduc-
tivity of carbon material with the purpose of selecting
materials for the manufacture of porous electrode for
EDLC using polyacrylonitrile-based activated carbon
fiber (PAN-ACF).
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Methodology
Preparation of the PAN-ACF

The PAN precursor fiber (copolymer, Courtaulds
Company) tows containing 12,000 filaments of 1.12
denier were used as a starting material. The stabilized
fiber was prepared at 250 °C for 3 h in a forced
convection oven. In preparation of the stabilized fiber,
various tensions (0, 0.2, 0.6 kgf) were applied to the
tows with one end of the fiber fixed and the other end
hung with a constant weight. The stabilized fibers were
immersed in a 1-mole KOH solution for 1 h, and then
filtered and dried. Samples were designated as TO081,
T281, and T681. The stabilized fibers stained with
KOH were crushed using the mixer mill (Retsch M350,
Germany). The stabilized fiber applied the highest
tension of 0.6 kgf was also immersed in 2 and 3-mole
KOH solutions for 1 hour. These samples were desig-
nated T682, and T683. The crushed fiber was heat-
treated at 800 °C in a nitrogen atmosphere for 1 h and
then washed using diluted 0.5 N hydrochloric acid and
hot water and finally dried. The ACFs were screened
into 38 um or below by length, and its electric
conductivity was measured using the 4-point probe
technique.

Nitrogen adsorption isotherms

Nitrogen adsorption isotherms at 77 K were measured
using an ASAP 2010 (Micromeritics). Prior to each
measurement, the samples were degassed at 573 K for
10 h. The specific surface area of the sample was
calculated by the BET model [11]. The pore volume
and size were calculated from the adsorbed nitrogen
gas volume based on the assumption which liquid
nitrogen filled the sample pores at a relative pressure
of 0.995. The pore size distribution was calculated
using the DFT program provided by Micromeritics.

Measurements of XRD, XPS and SEM

The X-ray diffraction (XRD, RIGAKU, DMXA 1400)
measurements were also conducted on the X-ray
diffractometer using CuKo-radiation. The surface
chemical composition of the sample was analyzed by
X-ray photoelectron spectroscopy (XPS). Photoelec-
tron spectra were obtained using photoelectron spec-
trometer (ESCA Lab-250, VG Scientific) using
monochromatic AlKa X-ray radiation (1486.6 eV).
The analysis chamber was maintained at lower
pressure than 5x 10 Pa. The peak fitting was
repeated until an acceptable fit was obtained. The

positions of the deconvoluted peaks (binding energy-
BE) were determined based on both literature data
and empirically derived values.

Measurement of the electric conductivity

The electric conductivities of the samples were mea-
sured using the 4-point probe packed-bed technique at
room temperature of 25 °C. The measurement setup
diagram was shown in Fig. 1. Electric resistance was
measured by connecting the voltage/current source
(Keithly 228A) and programmable electrometer (Ke-
ithly 617) to the copper electrode connected to the top
and bottom of the 1 cm-diameter packed-bed made of
plastic material. Pressure was applied to the top of the
packed bed using a hydraulic press during measure-
ment of the electric resistance of the samples. Electric
conductivity 1/p (1/Qcm) was derived using the follow-
ing equation:

1/p = AIRI

where R, [ and A, denote the measured resistance (Q),
sample length (cm) and cross section area of the bed
(cm?) respectively.

Results and discussion

Pore structure of PAN-ACFs

Figure 2 shows the nitrogen adsorption isotherms of
the samples. According to the BDDT classification, the

Copper electrode

— R

Current source

Plastic
cell

Hydraulic press

Fig. 1 Apparatus employed to measure the electric resistance of
the samples
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Fig. 2 Adsorption isotherms of N2 of the various samples at
77 K, based on applied tension (a) and KOH mol (b)

nitrogen adsorption isotherms are typical microporous
Type 1. Figure 2a shows the nitrogen adsorption
isotherms under various tensions of samples. The
nitrogen adsorption isotherms for various samples as
a function of the mole concentration numbers of KOH
solution are shown in Fig. 2b. At low relative pres-
sures, the nitrogen adsorption isotherm of T683 in
Fig. 2b appears to have a more rounded ‘‘knee,”” which
is normally associated with wide micropore. The

Table 1 Physical properties of the PAN-ACFs

isotherms of T683 show a rounded “knee,” indicating
a wider pore size distribution. After a relative pressure
of about 0.2 is reached, there is still a further increase
in amount adsorbed with increasing relative pressure,
which reflects a certain amount of mesopore volume in
T683.

The physical properties of the PAN-ACFs were
summarized in the Table 1. The PAN-ACFs had
microporous structure. The specific surface area
decreases with increasing tension during the stabiliza-
tion as shown in Table 1. Figure 3 shows the pore size
distribution of PAN-ACFs based on the density func-
tional theory (DFT).

As showed in Fig. 3a, the samples show the narrow
pore size distribution. The pore volume is observed to
decrease under high tension (T681) of 0.6 kgf com-
pared with low tension (T081). The stabilization
process in an air atmosphere is the exothermic reaction
by the complex molecular motion [12]. The shrinkage
would be balanced by elongation under tension. The
elongation will excess shrinkage under higher tension.
Therefore, the distance between molecules would be
decreased. As the tension increase, the pore volume is
decreased and leads to the stretching caused by the
movement of molecules along with the fiber axis.

The pore size distributions of the samples treated
under different KOH mole concentration were plotted
in Fig. 3b. T681 shows the narrow pore size distribu-
tion. T683 shows the wide pore size distribution, which
would be caused by the interaction of potassium and
carbon during heat treatment.

X-ray Diffraction (XRD)

Figure 4 shows XRD of the samples given under
tension during the stabilization. The inter-planar spac-
ing of T681 was smaller than T081 and T281, because a
crystallite was formed from the PAN fiber along with
the fiber axis under tension during the stabilization.
Conversely, the inter-planar spacing was increased
with increasing KOH mole concentration because of

Sample S&Er(m*/g) Pore size (A) Pore vol (cm?/g) S pr(m?/g) Elemental analysis by XPS (at%)

Cls NIs Ols  O/C(%) NIC (%)
TO081 1005 19.1 0.48 977 85 10.2 4.8 5.6 12
T281 953 19 0.45 909 84.6 10.7 4.7 5.5 12.6
T681 935 17.6 0.45 891 84.6 10.9 4.5 53 12.8
T682 1380 19.2 0.66 1201 86 10 4 4.6 11.6
T683 2312 19.2 1.11 1734 88 8.2 3.8 43 9.32

% Sper; specific surface area by BET
® Sper; specific surface area by DFT
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Fig. 3 Pore size distributions of the samples based on DFT
theory (a) Effect of tension during stabilization; (b) Effect of the
KOH concentration

the KOH activation of the stabilized fibers. During
KOH activation, the K ion was intercalated between
the crystallite ribbons formed in the fiber axis and
increased the inter-planar spacing.

According to KOH activation mechanism suggested
by Otawa et al. [13] a considerable amount of metallic
potassium was formed when activation temperature
exceeded 700 °C. Potassium metal is considered to be
formed by the reduction of K,O by carbon at high
temperatures. Potassium oxide (K,O) is formed by the
dehydration of KOH. Therefore, it was concluded that
since the metallic potassium was mobile in the activa-
tion temperature, it was intercalated to the carbon
matrix. As a result, several atomic layers of carbon
were widened and were forming pores.

X-ray Photoelectron Spectroscopy (XPS)
Figure 5 shows the XPS survey spectra for the samples.

Curve fitting [14] was optimized through the decom-
position of Cls spectrum into five peaks: graphitic
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Fig. 4 X-ray diffraction of the samples: (a) Effect of tension
during stabilization; (b) Effect of the KOH concentration

carbon (peak A, BE = 284.0 ~ 284.3 eV); carbon pres-
ent in phenol, alcohol, ether, or C=N groups (peak B,
BE =285.3 ~ 285.7 eV); carbonyl or quinine groups
(peak C, BE = 286.8 ~ 287.4 eV); carboxyl or ester
groups (peak D, BE = 288.5 ~ 289.2), and; shake-up
satellite peaks due to the 7-n" transitions in aromatic
systems (peak E, BE =290.2 ~ 291.1 eV). Nls spectra
were fitted considering pyridinic, pyrrolic and quater-
nary nitrogen, and N-oxides. Peak A (BE = 398.0-
398.1 eV) can be regarded as N-6 or pyridine structure;
peak B (BE = 400.1-400.7 eV) corresponds to N-5,
ie., pyrrolic and/or pyridon-N moieties, peak C
(BE = 4014 + 0.5 eV), to N-Q or quaternary nitrogen,
and peak D (BE = 402-405 eV), to N-oxide.

During the stabilization, O/C and N/C were
decreased for all samples. Similarly, during the KOH
activation treatment for the stabilized fiber, the
pyridine-like structure was decreased among the
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Fig. 5 XPS spectra of the samples

nitrogen superficial functional groups. The C=0 was
increased among the oxygen superficial functional
groups. However, the carbonyl and carboxyl groups
were decreased. Moreover, the samples showed the
structure of the superficial functional group similar to
that of XPS spectra in char and fiber using PAN as the
raw material. This finding was consistent with the
reports of previous researchers [14, 15].

Fig. 6 Scanning electron
microscopy: (a) T081; (b)
T681; (c) T683

@ Springer

Scanning Electron Microscopy (SEM)

The surface phenomena observed for PAN-ACFs
under tension during stabilization did not exhibit
significant changes as shown in Fig. 6. When PAN-
ACF was activated under variation of KOH mole
concentration, the serious surface damage occurred at
3 moles of KOH.

Electric conductivity

The electric conductivities of the PAN-ACFs under the
pressure are shown in Fig. 7. Figure 7a shows the
variations of electric conductivity under the tension
during stabilization. The PAN-fiber was contracted in
the direction of the fiber axis under the tension during
stabilization. As a result, the density of the stabilized
fiber could be increased and the electric conductivity
was increased.

Figure 7b shows decreasing electric conductivity
with increasing mole concentration of KOH due to
the increased specific surface area with mole concen-
tration of KOH solution. During the heat treatment of
the stabilized fiber, a ladder structure was formed
through a rearrangement of the polymer chain fol-
lowed by the formation of an aromatic ring with
graphite-like structure. Carbonized carbon at low
temperature heat treatment exhibits the electric con-
ductivity at room temperature due to the presence of
non-carbon atoms such as oxygen, nitrogen, and other
compositions [16-18]. Butkus and Yang [19] analyzed
the process of electric conductivity in PAN carbon
fiber on the cluster model of fiber consisting of carbon,
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Fig. 7 Electric conductivity based on the pressure change of the
samples (a) Effect of tension during stabilization; (b) Effect of
the KOH concentration

nitrogen, and hydrogen atoms using the modified
intermediate neglect of differential overlap (MINDO)
molecular orbital (MO) method. The PAN carbon
fiber heat-treated below 1000 °C was found to contain
nitrogen within a graphite-like lattice. Therefore, the
“edge” nitrogen site can be said to exhibit the same
electron distribution as graphite. Since the content of
non-carbon atoms was nearly constant for the PAN-
ACFs prepared in this study, however, the difference
in the electric conductivity between samples depends
on the specific surface area and the pore size distribu-
tion rather than the presence of non-carbon atoms and
superficial functional group. Moreover, less nitrogen
and oxygen were present in T683. Given the large
specific surface area compared with the other samples,
it appears that the specific surface area significantly
affects the electric conductivity.

Conclusion

The PAN-ACFs were prepared through the 1 M KOH
activation treatment of PAN-fiber with varying ten-
sions during the stabilization of PAN-fiber. The PAN-
ACFs were also prepared through the 1, 2, 3 M KOH
activation treatment of PAN- fiber at constant tension.
The specific surface area and pore size distribution of
the samples were affected by tensions applied during
stabilization and KOH concentration during the acti-
vation treatment. The tension during stabilization
increased the electric conductivity, which might be
due to the molecular orientation along with the fiber
axis. However, the electric conductivity decreased as
the BET surface area increased. The electric conduc-
tivity of T681 had high value, which would be favorable
for practical use in carbon electrode of EDLC.
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