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ABSTRACT :

The unique effects of highly conductive conducting polymer/SWNT (single walled carbon nano-

tube) composite nanoparticles in electric double layer capacitors are studied for the enhancement

of the adhesive properties, specific capacitance and power characteristics of the electrode. Because

the conducting polymer/SWNT composite material, which is believed to act as a polymer binder,

an active material for charge storage and a conducting agent, is well distributed on the activated car-

bon, greatly enhanced adhesion properties, cell capacitance and power characteristics were

obtained. 
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1. Introduction

Supercapacitors have attracted much attention due

to their high power capability and long-term cycling

properties.1-9) They are generally classified into two

categories, depending on the charge-storage mecha-

nism. In electric double layer capacitors (EDLCs), the

performance is correlated with the specific surface

area of the activated carbons (AC), but is also influ-

enced by other parameters, such as the pore size.10,11)

Capacitors in the other class, called pseudocapacitors,

are based on materials with pseudocapacitance charac-

teristics, such as conducting polymers12-14) or other

metal oxide based inorganic materials.15-17) Among

them, ACs are the most widely used electrode material

for supercapacitors because of their high surface

area.18) 

Generally, the electrodes for EDLCs are composed

of AC as the active material, a polymeric binder, and a

conducting agent to reduce the series resistance. Gen-

erally, ACs show relatively low conductivity, thus

leading to a severe loss of power density in EDLCs

since the power density (P) is given by the following

equation;18)

P = V2/(4ESR × M) (1)

where ESR is the equivalent series resistance and M is

the total mass of the two electrodes.

The first approach to increase the power density of

EDLCs is the addition of a minor electrode compo-

nent, such as carbon nanotubes, to improve the electri-

cal conductivity.19) However, owing to their low

energy storage characteristics, the replacement of ACs

by highly electrically conducting materials reduces the

energy density of the EDLCs. The second possible

method of increasing the power density and energy

density of EDLCs is to use as little polymeric binder

as possible. As the content of the polymeric binder is

decreased, the power density and energy density of the

EDLC increase, owing to the decrease in the series
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resistance and the increase in the content of AC lead-

ing to the formation of more electric double layers,

respectively. However, decreasing the polymeric

binder content also has certain drawbacks, such as the

decrease of the adhesive force between the AC and

current collector.

In order to solve the above-mentioned problems, our

strategy is to use a conducting polymer/SWNT com-

posite material localized on the surface of AC exhibit-

ing high conductivity and adhesive properties, which

can act simultaneously as a conducting agent and

binder material. Moreover, conducting polymers can

contribute charge storage by acting as a redox-active

material, because they can be readily converted

between the oxidized (p-doped) and reduced (n-

doped) states by switching the applied potential.20-22)

In this work, we report on the fabrication and charac-

terization of an EDLC with a new additive which is

composed of PEDOT:PSS (poly(3,4-ethylenediox-

ythiophene):poly(styrene sulfonate)) and SWNTs. 

2. Experimental

The PEDOT:PSS and SWNTs were obtained from

H. C. Starck and Iljin nanotech, respectively. After the

purification of the SWNTs by a previously reported

procedure,23) a concentrated PEDOT:PSS/SWNT solu-

tion was prepared (40 wt% SWNT). Then, PEDOT:

PSS/SWNT composite powders were prepared by the

freeze drying method. 

The homogeneous pastes used for the EDLC elec-

trodes were prepared by the addition of AC (MSC-20,

Kancei Coke, Japan), a polymeric binder (PTFE, Ald-

rich Chem), conducting agent (super-p) and conduct-

ing polymer powders (PEDOT:PSS/SWNT or

PEDOT:PSS) to water. The pastes were spread on an

Al current collector and the thickness of the electrode

(~50 mm) was controlled by the rolling process. The

morphology of the electrode was investigated with a

high resolution scanning electron microscope (Philips

SEM 535 M). A homogeneous mixture of the powders

was pelletized to produce a pellet of the correct size

and then its resistance was checked by the four-point

probe method using a Hioki tester. The peel test was

carried out with a stress-strain tester (Instron). 

Sandwich-type cells containing the prepared elec-

trodes were built using a coin-cell type structure, with

a PE separator between the positive and negative elec-

trodes. For the charge-discharge tests, 2032coin-type

cells with an electrode area of 1.4 cm2 were used. The

electrolyte consisted of 1 M LiPF6 dissolved in ethyl-

ene-methylcarbonate (EC-EMC; 3:7 v/v). In an argon

filled glove box, the coin cells were assembled and

filled with the electrolyte. The charge-discharge

cycling tests of the cells were performed using a

TOSCAT-3000U system (Toyo System Co., Ltd.). The

cells were charged up to 2.5 V at a current density of 1

mA/cm2 then discharged to 0 V with various discharge

current densities. Cyclic voltammetry was performed

using an EG&G 273A potentiostat (scan rate:5 mV/

cm2). The specific cell capacitance (C) was measured

by the charge-discharge test and calculated using the

equation, I × Dt/DV, where I is the current density, t

the discharge time and V is the voltage. The specific

capacitance of each electrode was calculated by means

of the equation, 2C/M, where M is the total weight of

the AC.

3. Results and Discussion

The scanning electron micrographs (SEM) of the

SWNTs before and after the purification process are

Fig. 1. SEM images of SWNTs before (a) and after (b) their purification. (c) PEDNT composite powder.
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shown in Figs. 1(a) and (b), respectively. The

PEDOT:PSS/SWNT composite powders (hereafter

PEDNT) prepared by the lyophilization method are

shown in Fig. 1 (c). The SEM images of the electrodes

made with AC:Super-p:PTFE (90:5:5 by wt.) and

AC:Super-p:PTFE:PEDNT (85:5:5:5 by wt.) are also

shown in Figs. 2(a) and (b), respectively. The size of

the AC particles is about 5~10 mm. The surface of the

AC particles in the latter has well dispersed PEDNT

nanoparticles compared with that of the AC without

the PEDNT nanoparticle, thus improving the adhe-

sion properties between the AC particles themselves

or the AC particles and current collector. In addition,

the PEDNT nanoparticles can reduce the interfacial

electrical resistance among the AC particles, owing to

their high conductivity. This is very important to

obtain a high power density from the supercapacitors.

To confirm the role of PEDNT as an adhesion

enhancer, two kinds of electrodes were prepared and

their adhesion properties characterized by measuring

the adhesion force between the electrode layer and the

current collector. As shown in Fig. 3, the electrode

with PEDNT (AC:Super-p: PEDNT, 85:5:10 by wt.)

showed a ~2 times higher adhesion force compared

with that of the electrode with PTFE (AC:Super-

p:PTFE, 85:5:10 by wt.). To confirm the role of

PEDNT as an conductivity enhancer, the resistivity of

the super-p and PEDNT were characterized by the

four-point probe method. As can be seen in Table 1,

PEDNT showed a lower resistivity compared with that

of super-p (widely used conducting agent for EDLCs).

The cyclic voltammograms (CVs) in 1 M LiPF6

solution of the AC based electrode with PEDNT

(AC:Super-p:PTFE:PEDNT, 85:5:5:5 by wt.) are

shown in Fig. 4. The shape of the CV curve is rectan-

gular, which means that the electrode is suitable for

supercapacitor applications. The CV of the electrode

did not indicate the presence of any oxidation or

reduction peak currents from the PEDOT:PSS,

because of its capacitive-like charge storage behav-

ior.24)

To demonstrate the practical application of these

electrodes with the new additive, a capacitor was fab-

ricated and its charge-discharge properties were evalu-

ated. A unit cell was constructed using the same

Table 1. Electric resistance of conductive materials

Materials Resistivity (Ω/sq)

Super-p 50

PEDOT:PSS 250

PEDNT 15

SWNT 10

Fig. 2. SEM images of AC based electrodes: (a) AC: Super-

p:PTFE, 90:5:5 by wt., (b) AC:Super-p:PTFE: PEDNT, 85:5:

5:5 by wt.

Fig. 3. Adhesion force of AC based electrodes: (square)

AC:Super-p:PTFE, 90:5:10 by wt., (circle) AC:Super-p:

PEDNT, 85:5:10 by wt.
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electrodes for both the positive and negative elec-

trodes. The charge-discharge curves of the EDLC

using the electrode with the additive (AC:Super-

p:PTFE:PEDNT, 85:5:5:5 by wt.) are presented in

Fig. 4. The EDLCs were tested at different constant

current densities in the range of 1 mA/cm2 to 20 mA/

cm2 between 0 V and 2.5 V. During the charging pro-

cess, Li+ and P  ions are physically adsorbed onto

the interface of the AC, while the opposite behavior

occurs during the discharging process. In Fig. 5, the

voltage of the EDLC varies almost linearly with time

during both the charging and discharging processes. 

Three kinds of AC-based EDLCs were prepared and

their specific capacitances were compared as a func-

tion of the current density in the range between 1 mA/

cm2 and 20 mA/cm2. The electrodes consisting of

AC:PEDNT(85:15 by wt.), AC:Super-p:PEDNT:

PTFE (85:5:5:5 by wt.) and AC:Super-p:PTFE

(85:10:5 by wt.) as a reference were used as EDLCs.

From Fig. 6, it can be seen that the specific capaci-

tance of the EDLC with only 15 wt% PEDNT was the

worst. Because PEDNT is a PEDOT-PSS based con-

ducting polymer, it has strongly hydrophilic character-

istics. Hence, the wettability of the electrode with only

15 wt% PEDNT with organic electrolytes was very

poor. This might be the reason why the EDLC with 15

wt% PEDNT showed the worst behavior. However,

the EDLC with 5 wt% PEDNT, 5 wt% conducting

agent (Super-p) and 5 wt% binder showed enhanced

power characteristics compared to those of the EDLC

with the reference cell (AC:Super-p:PTFE (85:10:5 by

wt)). This means that PEDNT acts as powerful con-

ductive agent in the EDLC. From Fig. 6, it can also be

seen that the specific capacitance of AC:Super-

p:PEDNT:PTFE (85:5:5:5 by wt.) was enhanced to a

certain degree by adding 5 wt% PEDNT. This means

that the PEDNT present among the AC particles not

only contributes to the reduction of the cell resistance,

but also to the enhancement of the energy storage

properties.

These unique effects of the PEDNT in the EDLC

were compared with those of PEDOT/PSS (Baytron

P) by replacing PEDNT with PEDOT/PSS. A new

electrode with this composition (AC:Super-p:

PTFE:PEDOT/PSS, 85:5:5:5 by wt.) was thus pre-

pared. Fig. 7 shows the specific capacitance as a func-

tion of the current density in the range between 1 mA/

cm2 and 20 mA/cm2. As can be seen from Fig. 7, when

F6

_

Fig. 4. CVs of the electrode (AC:Super-p:PTFE:PEDNT,

85:5:5:5 by wt.); the scan rate is 10 mV/s.

Fig. 5. Charge-discharge curves for unit cell capacitor at a

current density of 2 mA/cm2.

Fig. 6. Specific capacitance as a function of the current

density; AC:Super-p:PTFE, 85:10:5 by wt. (○), AC:Super-

p:PTFE:PEDNT, 85:5:5:5 by wt. (□), AC:PEDNT, 85:15

by wt.(△).
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the PEDNT was replaced by PEDOT/PSS, the initial

cell capacitance and power properties were dramati-

cally decreased, compared with those of the EDLC

with PEDNT. From the comparison of the cell capaci-

tances at a low current density, we can conclude that

the energy storage ability of the AC is much improved

by adding PEDNT to the electrode. In addition, when

PEDOT/PSS was added to the electrode instead of

PEDNT, the decrease in the specific capacitance at a

high discharge current density was significant, demon-

strating the inferior power characteristics of this elec-

trode.

Fig. 8 shows the capacitance behavior of the EDLC

prepared with the electrode made of AC:Super-

p:PTFE:PEDNT (85:5:5:5 by wt.) during the cyclabil-

ity test. The EDLC was tested at a constant charge/dis-

charge current density (10 mA/cm2) between 0 V and

2.5 V. As shown in Fig. 8, the EDLC showed nearly

the same capacitance as its initial value after 1000

cycles, even though the pseudocapacitive material was

added. This means that the positive properties of

PEDNT are not degraded as the cycle number is

increased.

4. Conclusions

We investigated the positive effects of PEDNT on

AC-based EDLCs. The experimental results showed

that due to the effects of the unique conducting poly-

mer, the EDLCs exhibited superior performance in

terms of both their discharge specific capacitance and

power characteristics compared with those of the AC

based EDLC and PEDOT/PSS based EDLC. PEDNT

plays an important role in improving the electronic

conductivity by acting as a conducting agent and the

cell capacitance by acting as an active material. The

higher electronic conductivity of PEDNT might

improve the AC utilization for charge storage. More-

over, the electrode with PEDNT showed better adhe-

sion to the metal current collector. We believe that

PEDNT can be a powerful additive for increasing the

specific capacitance, power characteristics, and adhe-

sive properties.
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