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a b s t r a c t

Solution spun polyacrylonitrile (PAN), PAN/multi-wall carbon nanotube (MWCNT), and PAN/single-wall
carbon nanotube (SWCNT) fibers containing 5 wt.% carbon nanotubes were stabilized in air and activated
using CO2 and KOH. The surface area as determined by nitrogen gas adsorption was an order of magnitude
higher for KOH activated fibers as compared to the CO2 activated fibers. The specific capacitance of KOH

−1
eywords:
ctivated carbon
olyacrylonitrile
lectrochemical capacitor
arbon nanotubes

activated PAN/SWCNT samples was as high as 250 F g in 6 M KOH electrolyte. Under the comparable KOH
activation conditions, PAN and PAN/SWCNT fibers had comparable surface areas (BET surface area about
2200 m2 g−1) with pore size predominantly in the range of 1–5 nm, while surface area of PAN/MWCNT
samples was significantly lower (BET surface area 970 m2 g−1). The highest capacitance and energy density
was obtained for PAN/SWCNT samples, suggesting SWCNT advantage in charge storage. The capacitance
behavior of these electrodes has also been tested in ionic liquids, and the energy density in ionic liquid is

ained
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. Introduction

The activated carbons have wide range of applications such as
iquid/gas phase adsorptions [1–4], gas, water or element purifi-
ation [5–7], catalyst support [8–11], energy storage [12–18] and
any other applications due to high surface area, pore structure and

dsorption capacity [19–21]. The pore structure of activated carbon
epends on the precursor, activating agent as well as on process
onditions. The precursors for activated carbons include poly-
crylonitrile (PAN) [17,22–25], phenolic resin [18,22], petroleum
oke [5,26], anthracite [27,28], pitch [29], coal [30–33], carbon
anotube(CNT)/carbon nanofiber (CNF) [13,34], and a number of
atural fibers/shells [6,15,35,36].

There are two general approaches to modify carbon mate-
ials to increase its adsorption capacity. The first approach is
o make use of gasifying agents like CO2 [37–40] or water
apour [14,39–41] and is known as thermal or physical acti-
ation. The chemical activation using hydroxides, halides and
cids is another approach for producing porous carbon. The

hemical activating agents include KOH [5,23,26–28,34,42], NaOH
7,27,29,34,43], ZnCl2 [22,36,44–46], H3PO4 [6,35,46], NH4Cl,
eCl3, and AlCl3 [19,20,35,47]. The advantages of chemical acti-
ation over physical activation include higher carbon yield,

∗ Corresponding author. Tel.: +1 404 894 2490; fax: +1 404 894 8780.
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ower activation time and temperature, and controlled pore size
istribution.

Polyacrylonitrile, a carbonizing polymer, exhibits good interac-
ion with carbon nanotubes [48–51]. A number of studies have been
eported on PAN/CNT films and fibers [37,48–50,52–59]. Fibers have
een spun by conventional solution spinning [48,49], gel spinning
50], as well as by electrospinning [53–55,57]. PAN/CNT based car-
on fiber containing 1 wt.% carbon nanotube with respect to the
eight of the polymer, can have 50% higher tensile strength than
carbon fiber processed without carbon nanotube [60]. Specific

apacitance of a PAN/SWCNT film containing 40 wt.% SWCNT was
s high as 380 F g−1 [37]. These studies clearly suggest the potential
f PAN/CNT system for making both structural as well as porous
arbon materials for a variety of applications. To the best of our
nowledge, to date, there are no activation studies in the litera-
ure on solution spun PAN/CNT fibers. In this paper we report the
tructure, morphology, and electrochemical capacitor behavior of
tabilized and CO2 and KOH activated PAN and PAN/CNT fibers.

. Experimental

The PAN and PAN/CNT fibers containing 5 wt.% CNT were solu-

ion spun by dry-jet-wet spinning using the previously described
rocedure [48,49]. SWCNTs were obtained from Carbon Nanotech-
ologies, Inc. (Houston, TX) (Grade P0247, 2.4% catalytic impurity)
nd MWCNTs were from Iljin Nanotech, Co. (Korea) (2.5% catalytic
mpurity). Diameter of the solution spun fibers was in the range of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:satish.kumar@gatech.edu
dx.doi.org/10.1016/j.jpowsour.2008.08.093
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Fig. 1. Scanning electron micrographs of (a) PAN, (b) PAN/MWCNT and (
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Solartron Cell Test 1470 using the previously described procedure
[37,63,64]. Only mass of the carbon electrodes was used in the cal-

F
fi

ig. 2. WAXD scans for unstabilized and stabilized PAN fibers. Stabilization time:
a) 0 h, (b) 8 h, and (c) 16 h.

0–80 �m. All samples were stabilized without tension in a ceramic
rucible in air by heating at 1 ◦C min−1 to 285 ◦C and by holding at
hat temperature for 2, 4, 8 and 16 h. To study the extent of stabi-
ization, these samples were treated in dimethyl formamide (DMF)
t 150 ◦C for 6 h to remove unstabilized PAN, and were examined
y scanning electron microscopy as well as by wide angle X-ray

iffraction (WAXD). As discussed in the subsequent section, all
hree samples used for carbonization and activation were stabilized
or 16 h.

c
i
r

ig. 3. Distribution of potassium through the fiber cross-section as characterized by energ
bers in 6 M KOH for 24 h. Red dots indicate the presence of potassium.
c) PAN/SWCNT fibers stabilized for 16 h and boiled in DMF for 6 h.

Samples stabilized for 16 h were carbonized by heating them
rom room temperature to 700 ◦C at 5 ◦C min−1, and then holding
or 1 h at 700 ◦C in argon in a Blue M Electric 1200 box furnace. These
arbonized samples were physically activated at 900 ◦C in CO2 for
h in the same furnace. For chemical activation, 16 h stabilized sam-
les were immersed in 6 M KOH for 24 h at room temperature. KOH

mpregnated fibers were dried at 90 ◦C for 24 h in vacuum. With
OH impregnation, fiber weight increased by about a factor of two,
nd resulted in increased diameter. KOH impregnated fibers were
eated at 5 ◦C min−1 to 800 ◦C and held at that temperature for 1 h

n argon. KOH activated samples were cooled down to room tem-
erature and repeatedly washed with hot distilled water to remove
xcess KOH. Therefore it should be noted that CO2 activated sam-
les were first carbonized and then activated, while the samples
ctivated by KOH went from stabilization to activation, without the
eparate carbonization step. The activation temperature of 900 ◦C
or CO2 and 800 ◦C for KOH were chosen based on the literature
eports as well as our own preliminary work [7,17,61,62].

The activated carbon fibers were crushed in mortar with a pes-
le and mixed with 20 wt.% polyvinylidene difluoride (–CH2–CF2–)
inder (80:20, carbon:PVDF). The electrodes were prepared by
ompression molding the activated carbon/binder mixture at
40 ◦C, under ∼0.6 GPa stress for 1 h. The samples were tested
or specific capacitance, power density and energy density using
ulations and mass of the binder was excluded. The test set up
ncludes a two electrode cell where two active electrodes are sepa-
ated by an insulating porous separator (Celgard 3400 microporous

y dispersive system after impregnation of stabilized (a) PAN, and (b) PAN/MWCNT
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ig. 4. Nitrogen adsorption isotherms (a and b) and pore size distribution measure
bers activated by (a and c) CO2 and (b and d) KOH.

embrane) and sandwiched between two nickel current collec-
ors. The electrode thickness varied between 100 and 300 �m, and
he electrode diameter was about 0.5 cm. The electrolyte used for
oth galvanostatic and cyclic voltammetry (CV) tests was 6 M KOH
s well as ionic liquid/organic electrolyte mixture of 1-butyl-3-
ethylimidazolium tetrafluoroborate (BMIMBF4):acetonitrile (1:2

atio). In the galvanostatic measurements, the cell was charged
nd discharged from 0 to 0.8 V for KOH electrolyte and from 0 to
V for ionic liquid, at constant current values of 0.1, 0.2, 0.5, 1, 2
nd 5 mA. In CV measurements, scan rates of 5, 10, 20, 30, and
0 mV s−1 were used. The surface area and pore size distribution

f the activated fibers were measured using nitrogen gas adsorp-
ion on Micromeritics ASAP 2020. Data was analyzed using BET
nd DFT methods [65–67]. Wide-angle X-ray diffraction (WAXD)
tudies were performed on a Rigaku Micromax-002 WAXS/SAXS
ystem operated at 45 kV and 0.66 mA equipped with a Rigaku R-

t
t
i
b

able 1
pecific capacitance, surface area, and double layer capacity for CO2 and KOH activated sa

Specific capacitance (F g−1) (0.1 mA
constant current test in 6 M KOH
electrolyte)

Surface Area (m

BET DFT

O2 activation
PAN 26 212 40
PAN/MWCNT (95/5) 21 30 10
PAN/SWCNT (95/5) 113 358 98

OH activation
PAN 172 2133 925
PAN/MWCNT (95/5) 134 970 316
PAN/SWCNT (95/5) 236 2266 916
ensity functional theory method (c and d) for PAN, PAN/MWCNT and PAN/SWCNT

xis IV++ 2D detection system. The scanning electron microscopy
SEM) images were obtained on LEO SEM 1530. The dispersion of
otassium in stabilized fibers was characterized using the energy
ispersive system (EDS) in LEO SEM 1530. The impedance spec-
roscopy was performed on Potentiostat/Galvanostat (EG&G PAR

odel 273A) in the frequency range of 100 mHz to 100 kHz using a
wo-electrode cell.

. Results and discussion
PAN and PAN/CNT fibers stabilized for various times were
reated in DMF for 6 h at 150 ◦C to monitor stabilization. Under
hese conditions, fiber diameters for samples stabilized for 2 and 4 h
ncreased due to swelling of the unstabilized PAN, while fibers sta-
ilized for 8 and 16 h did not show a significant change in diameter.

mples.

2 g−1) Double layer capacitance (�F cm−2) Pore volume
(cm3 g−1)

BET DFT

12 65 0.034
70 210 0.035
32 115 0.076

8 19 0.778
14 42 0.234
10 26 0.936
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he cross-sections of 16 h stabilized PAN and PAN/CNT fibers boiled
n DMF for 6 h do not show a hollow core, which is consistent with
omplete stabilization (Fig. 1). Any unstabilized PAN remaining in
he core would have been removed by DMF, leaving a hollow core
s stabilization is controlled by diffusion of oxygen [68–70]. Stabi-
ization progression in all samples was also monitored by WAXD
71]. Unstabilized and partially stabilized fibers show WAXD peak
t 2� ∼ 17◦ due to (1 1 0) and (2 0 0) PAN reflections (Fig. 2), while
his peak was absent in the 16 h stabilized samples. Based on these
tudies, it was concluded that only 16 h samples were fully stabi-
ized. Therefore, for subsequent studies all three-fiber samples were
tabilized for 16 h. The potassium distribution in the stabilized and
OH impregnated samples was monitored by EDS, and was found
o be uniform through the fiber cross section (Fig. 3).

Surface area and pore size distribution of activated fibers are
haracterized by nitrogen gas adsorption. Based on the IUPAC clas-
ification, type I nitrogen gas adsorption isotherm is exhibited by
icropores, while type IV isotherm is exhibited by mesoporous
aterials [65–67]. For CO2 activated PAN and PAN/SWCNT fibers,

he hysteresis loop at higher relative pressure indicate the presence
f mesoporosity while microporous type I behavior is observed at
ow pressures (Fig. 4). The type H2 hysteresis is often attributed
o disordered carbon with a distribution of pore sizes or shape
ot well defined. Thus, the steep region in the desorption part
f CO2 activated PAN and PAN/SWCNT fibers (Fig. 4a Inset) sug-
ests the presence of disordered carbon or sample with wide pore

ize or shape distribution. The CO2 activated PAN/MWCNT sample
how type II sorption isotherm typically obtained for non-porous
r macroporous absorbent with negligible hysteresis of type H3 at
elatively high pressure.

c
a
t
P

ig. 5. The cyclic voltammograms at 5 mV s−1 scan rate (a and b) and charge discharge
AN/SWCNT fibers activated by (a and c) CO2 and (b and d) KOH. The electrolyte for this t
r Sources 185 (2008) 676–684 679

The KOH activated PAN and PAN/SWCNT fibers show type I
sotherm (Fig. 4b) with high nitrogen uptakes at relatively low pres-
ures characteristic of micropores with small amount of type IV
esopores behavior presenting a hysteresis loop at relatively high

ressures. The hysteresis loops obtained for KOH activated PAN and
AN/SWCNT fibers are of type H4, which is typically attributed
o narrow slit shaped pores including pores in the micropore
egion [66]. Similar type I isotherm is obtained for KOH activated
AN/MWCNT fibers with negligible hysteresis loop H4. All three
OH activated samples show pores predominantly in the 1–5 nm
ange, while somewhat broader pore size distribution can be seen
or the CO2 activated samples (Fig. 4c). In fact for KOH activated
AN/MWCNTs, the pore size distribution is predominantly in the
–3 nm range. Surface area, calculated by both BET and DFT meth-
ds, for the KOH activated samples is an order of magnitude higher
han for the corresponding CO2 activated samples (Table 1).

Constant current charge–discharge as well as CV plots for sam-
les tested in 6 M KOH electrolyte are given in Fig. 5, and the specific
apacitance as a function of current density is plotted in Fig. 6.
eviation from ideal rectangular shape at about 0.1 V in both CO2
nd KOH activated samples (Fig. 5b) can be due to the presence
f surface functional groups making a pseudo-capacitance con-
ribution. High ohmic drop observed in charge–discharge curves
an be due to high internal resistance of the electrodes as well as
ue to the distributed resistance of the electrolyte in the pores of
he electrode. KOH activated samples exhibit substantially higher

apacitance over the CO2 activated samples in 6 M KOH as well
s in ionic liquid electrolytes (Figs. 6 and 7). In addition, in both
ypes of activation, PAN/SWCNT shows higher capacitance than
AN and PAN/MWCNT samples. Capacitance of PAN/SWCNT sam-

curves at a constant current test of 0.5 mA (c and d) for PAN, PAN/MWCNT and
est was 6 M KOH.
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Fig. 6. The specific capacitance as a function of current density measured from con-
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presence of conducting SWCNTs and MWCNTs. The energy den-

T
S

G

P

G

C

tant current charge–discharge tests for PAN, PAN/MWCNT and PAN/SWCNT fibers
ctivated by (a) CO2 and (b) KOH. 6 M KOH was used as the electrolyte. In each case,
wo samples were tested to assess reproducibility.

les activated in KOH is as high as 250 F g−1 at low current density

0.01 Ag−1 in 6 M KOH). Energy density for KOH activated samples
s also substantially higher than that for the CO2 activated samples
Fig. 8). Energy density for KOH activated PAN/SWCNT is about 50%
igher than the corresponding PAN and PAN/MWCNT. On the other

s
i
a
i

able 2
ummary of process conditions and properties for physical and chemical activation of PA

roup Activation temperature (◦C) Precursor

hysical activation
Kim [77] 800 PAN electrospun fiber
Frackowiak [78] 800 Templated PAN
Ryu [39] 860 PAN based carbon fiber
Wang [75] 900 PAN/SAN film
Wang [75] 900 PAN electrospun fiber
Zhou [63] 900 PAN/SAN/SWCNT films
Liu [37] 700 PAN/SWCNT 60/40 films
This work 900 PAN/SWCNT fibers

roup M:C ratio*/molarity/% Precursor Act

hemical activation
Lee [79] 1–3:1 PAN fibers KOH
Yue [22] 2:1 PAN coated fiber ZnC
Moon [7] 2 M PAN fibers KOH
Lee [17] 1–3 M PAN fibers KOH
Kim [80] 1–3% Electrospun PAN fiber mat ZnC
Im[81] 2–6/4–8 M Electrospun PAN fiber mat ZnC
This work 6 M PAN, PAN/SWCNT fibers KOH

* M is K, Na, Zn etc. and C is carbon.
ig. 7. The specific capacitance as a function of current density measured from
onstant current charge–discharge tests for PAN, PAN/MWCNT and PAN/SWCNT
bers activated by (a) CO2 and (b) KOH. BMIMBF4/acetonitrile (1:2) was used as
he electrolyte.

and, power density did not increase significantly even with the
ity increased from 3 Wh kg−1 for KOH electrolyte to 6.4 Wh kg−1

n BMIMBF4/acetonitrile electrolyte system for the chemically
ctivated PAN/SWCNT (Fig. 8). However, the specific capacitance
n ionic liquid is lower than that in KOH even at low current

N based precursor from literature as well as this work.

Activation agent BET surface area (m2 g−1) Specific capacitance (F g−1)

Steam ∼1160 133
CO2 ∼800 160
Steam ∼860 –
CO2 ∼730 ∼165
CO2 ∼306 ∼210
CO2 ∼130 ∼110
CO2 – ∼380
CO2 ∼358 ∼113

ivation agent BET surface area (m2 g−1) Specific capacitance (F g−1)

∼2500 –
l2 ∼ 1600 –
/NaOH ∼1200/750 –

∼2300 ∼ 180
l2 ∼550 ∼ 140
l2/KOH ∼950/2400 –

∼2200 ∼ 250
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Fig. 8. The power density and energy density measured at 0.1 mA galvanostatic
test using 6 M KOH(a) and BMIMBF4/acetonitrile(1:2) (b) as electrolytes for PAN,
PAN/MWCNT and PAN/SWCNT fibers activated by CO2 and KOH.
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Table 3
Surface area and electrochemical capacitance performance of various other carbon mater

Group Pore size Carbon precursor

Subnanometer, micro and
meso porus carbons

Chmiola [82] < 1 nm Chlorinated of carbide derived carbon
Yamada [83] <2 nm Phenol formaldehyde based activated

carbon
Lee [17] <2 nm PAN based carbon
Fuertes [73] 2–10 nm Polyfurfuryl alcohol based carbon
Yamada [83] 2–50 nm Phenol formaldehyde based activated

carbon
Morishita [74] 2–30 nm Polyvinyl alcohol based activated carbon

with magnesium acetate/citrate
This work 2–5 nm PAN, PAN/SWCNT fibers

Group CNT type Carbon nanotube treatment

Carbon nanotubes
Yoon [84] MWCNT As synthesized/NH3 plasma treated
Zhang [85] MWCNT Aligned/entangled
Shiraishi [86] MWCNT As synthesized/HCl treated
Niu [87] MWCNT HNO3 treated
Chen [88] MWCNT HNO3 treated
Pan [89] MWCNT Tube in tube structure***

Futaba [90] SWCNT Densely packed SWCNT
Shiraishi [91] SWCNT HCl treated/thermal oxidation at 225 ◦C/5 h
Liu [72] SWCNT Electrochemical treated with KOH
Zhou [38,64] SWCNT Untreated bucky paper
Zhou [38,64] SWCNT Untreated bucky paper
Zhou [38,64] SWCNT Aryl sulponic acid functionalized
Barisci [92] SWCNT Untreated/annealed up to 1050 ◦C

* EMIBF4 – 1-ethyl-3-methylimidazolium tetrafluoroborate.
** Et4NBF4 – tetraethylammonium tetrafluoroborate in propylene carbonate.

*** Tube in tube structure – templated MWCNTs (300 nm) were pyrolysed in ethylene at
**** BMIMBF4 – 1-butyl-3-methylimidazolium tetrafluoroborate in acetonitrile (1:1 ratio)
r Sources 185 (2008) 676–684 681

ensity (Figs. 6 and 7). This is attributed to the relatively large ion
ize of the ionic liquid that cannot access small pores even at low
urrent density. The bucky paper and carbonized PAN/CNT samples
xhibit better wettability in ionic liquid than in KOH as determined
y contact angle measurement [38].

The literature summary of activation conditions and capacitance
erformance for PAN based precursors is given in Table 2 for com-
arison with the current work. A surface area of 800–1000 m2 g−1

nd specific capacitance of 100–200 F g−1 is typically reported
or physically activated PAN films and fibers. A wide pore
ize distribution of 2–100 nm for films and nano fibers were
eported. For chemically activated samples, surface area approach-
ng 2500 m2 g−1 is often reported. The surface area differences
etween the physically and chemically activated current set of sam-
les is consistent with the literature reports. Table 3 summarizes
apacitance data for other carbon materials, as well as for multi and
ingle wall carbon nanotubes. The surface area differences between
he CO2 and KOH activated samples observed in the current work is
onsistent with the literature data that significantly higher surface
rea is obtained on chemical activation than physical activation.

Capacitance of both MWCNT and SWCNT electrodes is consis-
ently below 100 F g−1, while higher values have been reported for
unctionalized MWCNTs as well as for composites of carbon nan-
tubes with other systems (Tables 2 and 3). To the best of our
nowledge, there are no previous literature reports on chemical
ctivation of solution spun PAN/CNT fibers. Capacitance of 250 F g−1
n the current study for KOH activated solution spun PAN/CNT fibers
ontaining 5 wt.% SWCNTs in the precursor, is among the higher
apacitance values reported to date. However, we do note that
hysically (CO2) activated SWCNT/Polyacrylonitrile (PAN) compos-

te film containing 40% SWCNTs showed capacitance in the range

ials.

Electrolyte BET surface area
(m2 g−1)

Specific
capacitance (F g−1)

H2SO4 ∼1300 ∼140
LiClO4 ∼1302 ∼104

KOH ∼2312 ∼113
KOH ∼1880 ∼200
LiClO4 ∼1455 ∼119

H2SO4 ∼1900 >300

KOH ∼2200 ∼250

Electrolyte BET surface area
(m2 g−1)

Specific
capacitance (F g−1)

KOH ∼10/87 ∼39/207
EMIBF4

* ∼111/283 ∼25/15
Et4BF4

** ∼222/382 ∼24/15
H2SO4 ∼430 113
H2SO4 – ∼365
H2SO4 ∼500 ∼203
Et4NBF4

** ∼1000 < 15
LiClO4 ∼780 ∼60
KOH ∼110 ∼56
KOH ∼540 ∼55
BMIMBF4

**** ∼ 540 ∼ 75
BMIMBF4

**** ∼300 ∼105
Ag/AgCl ∼173/247 ∼36/14

900 ◦C to create tubular structures (30 nm) inside CNTs.
.
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ig. 9. Impedance spectroscopy results for PAN, PAN/MWCNT and PAN/SWCNT sa
requency (d) Pore shapes treated by Keiser [76] and corresponding complex–plane

f 60–380 F g−1, when the test cell was discharged from 0.7 to 0.2 V
37]. These studies show that the electrochemical capacitance of
ctivated PAN/SWCNT composites is higher than that of either the
WCNT bucky paper or the activated PAN alone. Addition of just
few percent carbon nanotubes improves the capacitance perfor-
ance significantly.
While there is no definite correlation established to date

etween the measured specific capacitance, electrolyte ion size,
ettability and electrode pore distribution, most literature reports

uggest that meso-pores represents the ideal pore size for electro-
hemical capacitors [38,72–75]. However, there is a recent report
f anomalously high capacitance at sub-nanometer pore size. The
ore size obtained by KOH activation in the current work (1–5 nm)
easured using nitrogen adsorption is on the high end of the micro-

ore size and at the lower end of the mesopore size. Sub-nanometer
ize pores could not be measured in the samples studied in the
urrent work due to our instrumental limitation, and therefore we
raw no conclusions on the anomalous mechanism.

Fig. 9 show impedance plots for CO2 and KOH activated
amples. The knee frequency, transition point between kinetics
ontrolled high-frequency impedance and migration controlled
ow-frequency impedance, is a measure of electrical and ionic con-
uctivity of the cell. Specific capacitance as a function of knee

requency shows that for a given series (KOH or CO2 activation),
amples with higher knee frequency have lower specific capaci-
ance (Fig. 9c). However, it is noted that the CO2 activated samples
or a given knee frequency have lower specific capacitance than the
OH activated samples. Keiser [76] derived relations for impedance

i
i
C
b
t

s activated by (a) CO2 and (b) KOH. (c) Specific capacitance plotted against knee
dance plots (Fig. 9d. is adapted from ref. [76]).

s a function of frequency for various pore geometries using a trans-
ission line equivalent circuit (Fig. 9d). The impedance curves of

O2 activated PAN and PAN/MWNT samples exhibiting low spe-
ific capacitance compare in shape to the Keiser plots for type 5
ores. The type 5 pores in Keiser plot are wider at the surface with
decreasing width as they go deeper in the sample. However, a

omparison of the observed impedance data to the Keiser derived
mpedance data suggests that KOH activated samples as well as CO2
ctivated PAN/SWNT samples contains pores of the type 2, 3 or 4
ith narrow entrance and wider body, which can act as electrolyte

eservoir.
In the case of CO2 activation, pores are expected to have wider

rifice on the surface that narrows down along the pore depth. This
s due to CO2 diffusion along the sample thickness. In single and

ultiwall carbon nanotube containing samples, CO2 can also dif-
use through hollow tube core, as well as through tube interstices in
he case of SWCNT. In the case of SWNT, the single graphene layer
ould be easily damaged during CO2 activation, providing path-
ays for CO2 diffusion through the sample. While in the case of
WCNTs, due to the presence of multiple graphene layers, damage

nder CO2 activation may be limited to few walls, while the other
alls remain intact. Thus CO2 diffusion through the bulk of the sam-
le is very limited or non-existent in PAN/MWCNT samples, while
t occurs in PAN/SWCNT samples. This is reflected in differences
n surface area as well as in capacitance performance of the three
O2 activated samples (Table 1). This also explains why impedance
ehavior and the pore shapes in PAN/SWCNT are of different type
han in PAN and PAN/MWCNT.
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Another question is why MWCNT contribute in a negative way
o the capacitance behavior, as under both types of activation,
AN/MWCNT samples exhibit lower capacitance than the corre-
ponding PAN. This can also be understood by multiple graphene
ayer stacking in MWCNTs, which is not always penetrated by
O2 activation than the surrounding matrix. Hence, we hypoth-
size that the presence of MWCNTs limits activation, resulting
n relatively low surface area and hence relatively low capaci-
ance as compared to PAN and PAN/SWCNT. Interaction differences
etween PAN-SWCNT and PAN-MWCNT may also be responsible
or some of the observed differences. Based on the tempera-
ure dependence of dynamic mechanical tan ı plots, differences
etween PAN/SWCNT and PAN/MWCNT interactions have indeed
een reported previously [49]. Width of the tan ı vs temperature
lot for the PAN/MWCNT fibers is significantly reduced as com-
ared to that of the control PAN due to polymer interaction with
he nanotubes resulting in narrower spectrum of relaxation times.
n the case of SWCNT containing fibers, tan ı peak is broadened
owards high temperature. We conjecture that PAN interactions
ith SWCNT are stronger than with other larger diameter MWC-
Ts and that PAN segments closer to the SWCNT exhibit tan ı loss
t higher temperature than the segments farther from it, leading
o the broadening in the high temperature region. Intercalation of
AN in the SWCNT bundle may also be partially responsible for the
an ı broadening behavior. Intercalated PAN on activation would
nhance surface area leading to higher capacitance.

. Conclusions

The structure, and electrochemical properties of PAN,
AN/SWCNT, and PAN/MWCNT fibers activated by physical
CO2) and chemical (KOH) methods are compared. High specific
apacitance, surface area, and pore volume with narrow pore size
istribution are achieved in PAN/SWCNT with chemical activation.
he specific capacitance of KOH activated PAN/SWCNT samples
as as high as 250 F g−1 in 6 M KOH electrolyte. Under the compa-

able KOH activation conditions, PAN and PAN/SWCNT fibers had
omparable surface areas (BET surface area about 2200 m2 g−1)
ith pore size predominantly in the range of 1–5 nm, while surface

rea of PAN/MWCNT samples was significantly lower (BET surface
rea 970 m2 g−1). The highest energy density was obtained for KOH
ctivated PAN/SWCNT in ionic liquid.
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