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Supercapacitors or electrochemical capacitors have high-
er power density than batteries and higher energy density
than ordinary capacitors, as well as a long cycle life [1,2].
Electrically conducting metal oxide [3], conducting poly-
mers [4], activated carbon [5], and carbon nanotubes [6—8]
have been used as the active electrode materials for
supercapacitors. In this letter, we report the performance of
supercapacitor electrodes based on single wall carbon

*Corresponding author. Tel# 1-404-894-7550; fax:+ 1-404-
894-8780.
E-mail address: satish.kumar@tfe.gatech.edu (S. Kumar).

nanotube/polyacrylonitrile (SWNT/PAN) composite films.
A SWNT/PAN dispersion was prepared at room tem-

perature by mixing as-produced HiPco SWNT powder [9]
with a 1.5 g/l dimethylformamide (DMF) solution of

poly(acrylonitrile—methyl acrylate) (90:10) copolymer (Al-
avighy 100,000 g/mol). The weight ratio of SWNT
powder to PAN copolymer is 40:60. Subsequent partial
solvent evaporation from the SWNT/PAN dispersion at

about 100°C and then film casting at 8%C in vacuum
resulted in a~10 pm thick SWNT/PAN composite film.
Based on scanning electron microscopy results, the diam-
eter of the as-produced HiPco SWNT ropes used in this

0008-6223/03/$ — see front mattef] 2003 Elsevier Ltd. All rights reserved.
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Fig. 1. Scanning electron micrographs of (a) as-produced HiPco
SWNT powder, and (b) as-produced SWNT/PAN composite film.

study was 3%7 nm and that for the as-prepared SWNT/
PAN composite film was estimated to be=58 nm (Fig.

1). The increased rope diameter indicates PAN copolymer
adsorption by the SWNT ropes.

Physical or chemical activation [10,11] of polyacryloni-
trile or its copolymers is generally used for producing
activated carbon with high specific surface area and high
porosity, and it is expected that similar activation treat-
ments of a SWNT/PAN composite film can also be used
for developing SWNT/activated carbon composite films.
As-produced SWNT/PAN composite films were heat
treated at 700C in argon for 30 min and subsequently
activated in CQ at the same temperature for 20 min in a
Thermolyne 21100 tube furnace. During heat treatment
and activation, the composite film did not exhibit signifi-
cant shrinkage.

Two circular pieces of SWNT/activated carbon films
(11.8 mm diameter), without further treatment, were

sandwiched into a supercapacitor testing cell composed of

two stainless steel current collectors and a hydrophilic

0.8 : : .
v- SWNT/activated carbon at 0.001 A
. - SWNT/activated carbon at 0.01 A
0.6 -=-SWNT bucky paper at 0.001 A
) -5-SWNT bucky paper at 0.01 A
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Reduced Time (#1x)

Fig. 2. Constant current discharging behavior of SWNT/activated
carbon composite film and SWNT bucky paper.
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Fig. 3. Specific capacitance as a function of discharging voltage
for SWNT/activated carbon and SWNT/bucky paper at different
constant discharging currents.

polyethylene sheet separator (Small Parts Inc., PEH-060,
average pore size 18nA48./16 inch thick). The
constant current charging and discharging behavior of the
composite film electrodes and that of a SWNT bucky paper
(@ 100% SWNT mat, provided by Carbon Nanotech-
nologies Inc.) was recorded with a CH Instruments 660A

electrochemical workstation using a 6 N KOH aqueous
solution as the electrolyte. The measured discharging
curves as a function of reduced time (reduced time is the

ratio of the actual discharging tinee the total time of

the discharging procetss,), given in Fig. 2, show that

the SWNT/activated carbon film exhibits significant non-
linear discharging behavior, particularly at low discharging
current (0.001 A). The non-linear constant current charging
and discharging behavior of the SWNT/activated carbon
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2
S
<
>
=
2
o 10°} E
(@]
S
[}
]
(o)
o
-1
10 s
10" 10'

0
Energy D1eonsity (kJ/kg)

Fig. 4. Ragone plots for various electrodes evaluated at a dis-
charging current of 0.01 A.
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film is attributed to either the broad pore size distribution
[12] or the pseudocapacitance [2] introduced by the surface
chemistry caused by the activation treatment.

The specific capacitance (capacitance per unit mass of a
single electrode) was calculated as a function of discharg-
ing voltage using the formula [1,2]

)

wherem, and m; are the masses of the two electrodes,
and|, V(t), andt are the discharging current, voltage and
time, respectively. The specific capacitance of the SWNT/
activated carbon film is significantly higher than that of the
bucky paper (Fig. 3). The specific capacitance of SWNT/
activated carbon at 0.001 A discharging current is strongly
dependent upon the discharging voltage, as a result of its
non-linear discharging behavior. When the discharging
voltage was changed from 0.7 to 0.2 V, the specific
capacitance increased from 60 to 380 F/g.

Ragone plots, which are used to relate the power density
(PD) to the energy density (ED) [2], have been calculated
using the equations

t

1
mA

1

C _
mB

ED = | IV(t) dt/(m, + m,)
t=0

PD = IV(t)/(m, + m)

The results given in Fig. 4 indicate that both the power and
energy densities of the SWNT/activated carbon composite
film are significantly higher than those of the SWNT bucky
paper. For comparison, Fig. 4 also plots power and energy
densities of heat-treated SWNT/PAN composite film with-
out CO, activation. Although the specific capacitance of
the heat-treated SWNT/PAN composite film (data not
reported) without activation is comparable to the specific
capacitance of the bucky paper, the power density of the
heat-treated SWNT/PAN composite film is much higher
than that of the SWNT bucky paper.
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