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Short communication

Study of electrochemical capacitors utilizing carbon nanotube electrodes
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Abstract

Several types of block-form porous tablets of carbon nanotubes are fabricated to use as polarizable electrodes in electrochemical
Ž .capacitors ECs . These tablets are prepared by using moulded mixtures comprising carbon nanotubes and phenolic resin powders.

Comparison of the effect of different processing on the performance of the capacitors is specifically investigated. Using these polarizable
electrodes, ECs with a specific capacitance of about 15 to 25 F cmy3 are obtained with 38 wt.% H SO as the electrolyte. q 19992 4
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1. Introduction

Ž .Electrochemical capacitors ECs or ‘supercapacitors’
have many potential advantages in electrical devices by
virtue of their large capacitance, high power and long
cycle life. Various types of polarizable electrodes based on
activated carbons have been developed, namely, paste
type, activated-carbon fibre cloth type, activated-carbon
fibre sheet type, activated carbon–carbon composite type
w x1–5 . Recently, high-power ECs based on carbon nan-

w xotube sheet electrodes have been developed 6 .
Carbon nanotubes have a novel structure, a narrow

distribution of size in the nanometer range, highly accessi-
w xble surface area, low resistivity, and high stability 7–11 .

These features suggest that carbon nanotubes are suitable
materials for polarizable electrodes. In order to fabricate

Ž .ultrahigh capacitors 100 to 1000 F , it is of great interest
to process carbon nanotube solid electrodes. The present
paper reports the processing of carbon nanotube solid
electrodes and the effect of chemical treatment on the
performance of these electrodes in ECs.
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2. Experimental procedures

2.1. Preparation of carbon nanotube electrodes

Carbon nanotubes were produced catalytically with Ni
particles as the catalyst. Nitric acid treatment was em-
ployed to remove the catalyst particles before use. A

Ž .transmission electron micrograph TEM of carbon nan-
otubes after such nitric acid treatment is shown in Fig. 1.
The nanotubes have a diameter of 20 to 30 nm and a
length of several microns to several tens of microns.

Several processes for the fabrication of carbon nanotube
tablets were developed. The flow chart of these processes

Ž .is given in Fig. 2. A mixture of carbon nanotubes CNTs
Ž .and phenolic resin PF powders in a CNTs: PF weight

ratio of 85:15 was moulded under a certain pressure at
Ž Ž ..1008C for 15 min electrode a . A second version was

obtained by carbonization of the moulded mixtures at
Ž Ž ..8508C for 2 to 4 h under nitrogen flow electrode b .

Ž .Finally, electrode b was immersed in a hot mixture of
concentrated sulfuric acid and nitric acid for 15 min and
then washed with distilled water and dried under vacuum

Ž .at 1008C to give electrode c .

2.2. Capacitor characteristics

The DC capacitance measurements were carried out in a
unit test cell at 258C. The unit cell contained two carbon
nanotube electrodes 22 mm in diameter and 1.2 mm in
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Fig. 1. TEM image of as-produced nanotubes.

thickness. The separator was made of glass fibre, which
Ž .retains the electrolyte solution 38 wt.% H SO . A pair of2 4

graphite discs was attached to the electrodes to collect the
electric current. The gasket was made of a thermoplastic
resin.

To measure DC capacitance, the test cells were charged
to 0.9 V at a constant current of 100 mA, then held at this
voltage for 30 min. Each of the cells was discharged at a
constant current of 10 mA until the voltage decreased to 0
V. The DC capacitance was calculated according to:

Cs iD trDV , 1Ž .
Ž .where: C is the capacitance in Farads F ; i is the dis-

Ž . Žcharge current in ampere A ; D t is the time period in
. Ž .seconds for the potential change DV, in volts . By com-

paring the linearity of the voltage change with respect to

Fig. 2. Fabrication process of CNT tablets.

Ž .time during the discharge period, the capacitance C , C1 2

was calculated by the potential change from 0.6 to 0.4 V
and from 0.6 to 0.2 V, respectively.

The DC current after 30 min charging at 0.9 V was
Ž .taken as the apparent leakage current I . The DC resis-L

tance was calculated from the voltage drop at the initial
stage of discharge.

3. Results and discussion

3.1. Properties of carbon nanotube electrodes

Ž .A scanning electron micrograph SEM of the carbon
nanotube electrode is shown in Fig. 3. The electrode
consists of randomly entangled carbon nanotubes. The
pores in the electrode are connected spaces in this network,
i.e., the pore structure is free of dead-end pores. The
electrodes have a bulk density of around 1.0 g cmy3 and

Ž .good strength. The volumetric specific surface area BET
is about 120 m2 cmy3. This is lower than that of activated
carbon powders and carbon cloth, but of the same order as
that of high bulk density carbon aerogel.

3.2. Capacitor performance

Using the new polarizable electrodes, ECs with specific
y3 Žcapacitance of about 15 to 25 F cm the volume of the

.capacitor , low apparent leakage currents and low DC
resistance are obtained with a single cell device when the
discharge current is about 10 mA.

Ž .For electrode a , the DC resistance is the highest for an
electrode containing 15% binders. The binders deteriorate
the performance. Thus, it is necessary to carry out a
carbonization process. After carbonization, the resistance

Ž Ž ..decreases dramatically, electrode b . The capacitance of
Ž . Ž . Ž .electrodes a and b are similar. For electrode c , how-

ever, chemical treatment enhances the capacitance, see Fig.
4. That is, discharge is increased and this effect is consid-
ered to be related to the surface condition of the carbon
nanotubes.

Fig. 3. SEM image of CNT electrode.
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Ž . Ž .Fig. 4. Charge and discharge curve of capacitors with electrode a , b
Ž .and c .

It is well known that the capacitance performance of
carbon fibre is dependent upon the surface condition of the
fibre. There are several methods for introducing oxy-

w xgenated groups on to the surface of carbon 12,13 . In this
study, nitric acid treatment on as-produced carbon nan-

Ž .otubes and chemical treatment on electrode b create acid
sites on the surface of the carbon nanotubes. It is estimated

21 w xthat there are around 10 sites per gram 14 . The acid
sites are composed of functional groups such as –COOH,
–OH, and )C5O, and provide hydrophillic sites on the
surface to produce cation-exchange properties. As some

w xauthors have reported 15,16 , higher capacitance can be
achieved through the attachment of a variety of surface
function groups using either thermal, chemical or electro-
chemical treatments.

The functional groups import an enhancement effect
with a somewhat retarded current. In order to distinguish

Table 1
Properties and capacitor characteristics of carbon nanotube electrodes

Electrode Bulk Capacitance I DC resistanceL
w x Ž . Ž . Ž .density C C F mA V1 2

w xa 1.2 14.1 16.8 1.5 8
w xb 1.05 16.1 16.25 1.2 0.8
w xc 0.98 24.1 26.6 1.2 1.0

this kind of effect, a comparison was made of the linearity
of the discharge curves of three types of electrodes. For

w xECs, Posey and Morozumi 17 have pointed out that the
voltage drops suddenly at the initial period of discharge.
This voltage drop is caused by a gradient of potential
throughout the pores in the electrodes. Then, the voltage
decrease should be linear because the pore effect is finite.
The voltage drop is proportional to the electrolyte resis-
tance in the pores. If the values of C and C are1 2

compared, it can be seen that the discharge curve of
Ž . Ž .electrode b is very linear Fig. 4 . There are, however,

Ž . Ž .some differences with electrodes a and c which are
probably caused by the chemical treatment of these elec-

Ž . Ž . Ž .trodes. The infrared spectra of electrodes a , b and c
Ž . Ž .are shown in Fig. 5. Electrodes a and c have the same

surface structure of carboxy and ester groups with aliphatic
alcohol and ketone compounds. On carbonization at 8508C
in a N atmosphere, the alcohol and ketone compounds are2

removed and the carboxy and ester groups are converted to
phenolic hydroxy and quinone groups. Thus, the discharge

Ž .curve of the carbonized electrode b exhibits different
Ž . Ž .behaviour to electrode a or c .

Besides introducing functional groups, chemical treat-
ment with concentrated nitric acid and sulfuric acid is also
considered to remove impurities and to expand the pore
size. This conclusion is based on the decrease in the bulk

Ž . Ž . Ž .Fig. 5. Infra-red spectra of electrodes a , b and c .
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Ž .density of electrodes after such treatment Table 1 . Thus,
Ž .the superior capacitance of electrode c with respect to

Ž .that of electrode b is likely to be the result of a combina-
tion of these factors.

It is practical to fabricate supercapacitors from carbon
nanotube solid electrodes because the electrodes exhibit
high bulk density, high strength, and excellent electric
conductivity. In fact, a single cell with a capacitance of
over 100 F was easily fabricated in the author’s laborato-
ries by using electrodes with a large diameter, viz., 45 mm.
The only problem is the price of carbon nanotubes. At
present, the authors can achieve in daily production of only
about 100 of multi-walled carbon nanotubes quite cheaply.

4. Conclusions

ECs based on carbon nanotube solid electrodes with
specific capacitances of about 25 F cmy3 are obtained
with 38 wt.% H SO as the electrolyte. Chemical treat-2 4

ment of the carbon nanotubes and the electrode enhances
the performance of the capacitors. This improvement is
related to the surface condition of the carbon nanotubes. It
is practical to fabricate ultrahigh capacitors by using such
techniques.

References

w x Ž .1 I. Tanahashi, A. Yoshida, A. Nishino, Bull. Chem. Soc. Japan 63
Ž .1990 2755.

w x2 A. Yoshida, S. Nonaka, I. Aoki, A. Nishino, J. Power Source 60
Ž .1996 213.

w x3 Y. Kibi, T. Saito, M. Kurata, J. Tabuchi, A. Ochi, J. Power Source
Ž .60 1996 219.

w x4 M. Nakamura, M. Nakanishi, K. Yamamoto, J. Power Source 60
Ž .1996 225.

w x5 T. Moromoto, K. Hiratsuka, Y. Sanada, K. Kurihara, J. Power
Ž .Source 60 1996 239.

w x6 C. Niu, E.K. Sichel, R. Hoch, D. Moy, H. Tennent, Appl. Phys.
Ž .Lett. 70 1997 1480.

w x Ž .7 S. Iijima, Nature 354 1991 56.
w x Ž .8 R. Saito, G. Dresselhaus, M.S. Dresselhaus, J. Appl. Phys. 73 1993

494.
w x9 M.S. Dresselhaus, G. Dresselhaus, R. Saito, Solid State Commun.

Ž .84 1992 201.
w x Ž .10 J.P. Issi, L. Langer, J. Heremans, C.H. Olk, Carbon 33 1995 941.
w x11 T.W. Ebbesen, H.J. Lezec, H. Hiura, J.W. Bennett, H.F. Ghaemi, T.

Ž .Thio, Nature 382 1996 54.
w x Ž .12 H.P. Boehm, Carbon 32 1994 759.
w x Ž .13 T. Nakajima, Y. Matsuo, Carbon 32 1994 469.
w x14 B.C. Satishkumar, E.M. Vogl, A. Govindaraj, C.N.R. Rao, J. Phys.

Ž .D: Appl. Phys. 29 1996 3173.
w x15 S.M. Lipka, IEEE AES Systems Magazine, July 1997.
w x16 T. Momma, X. Liu, T. Osaka, Y. Ushio, Y. Sawada, J. Power

Ž .Source 60 1996 249.
w x Ž .17 F.A. Posey, T. Morozumi, J. Electrochem. Soc. 176 1996 113.


