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Abstract Three types of composite supercapacitor elec-

trodes were prepared; electroactive polyaniline (PANI),

PANI/multi-walled carbon nanotube (CNT), and PANI/

CNT/RuO2. Specifically, the PANI and PANI/CNT were

prepared by polymerization, and PANI/CNT/RuO2 was

prepared by electrochemical deposition of RuO2 on the

PANI/CNT matrix. Cyclic voltammetry between -0.2 and

0.8 V (vs. Ag/AgCl) at various scan rates was performed to

investigate the supercapacitive properties in an electrolyte

solution of 1.0 M H2SO4. The PANI/CNT/RuO2 electrode

showed the highest specific capacitance at all scan rates

(e.g., 441 and 392 F g-1 at 100 and 1,000 mV s-1,

respectively). In contrast, the PANI/CNT electrode dem-

onstrated the best capacitance retention (66%) after

104 cycles. Additional analysis including morphology and

complex impedance spectroscopy suggested that with

small loading of RuO2, an increase in capacitance was

observed, but dissolution and/or detachment of RuO2

species from the electrode might occur during cycling to

reduce the cycle performance.

Keywords Polyaniline � Carbon nanotube �
Ruthenium oxide � Supercapacitor

1 Introduction

Redox supercapacitors are an attractive energy storage

device that can bridge the gap between a conventional

battery and dielectric capacitor due to a combination of

high power, fairly high energy density, and long cycle life.

It can thus be used as a power source for a variety of

potential applications from cellular phones to hybrid

electric vehicles. Conducting polymers such as polyaniline

(PANI) are promising electrode materials of the redox

supercapacitors [1–5], typically demonstrating higher

capacitance than electric double-layer capacitor due to high

conductivity and good processability. PANI as an electrode

material for supercapacitors but has poor cycle life, a

critical problem that may originate from gradual degrada-

tion during charge/discharge process, during which the

charged/uncharged polymeric species can be susceptible to

nucleophilic attack by an electrolyte and/or solvent com-

ponents [6, 7]. The repeated volume change of the PANI

electrode during charge/discharge (or doping/undoping)

also causes the accumulation of mechanical stress in the

PANI matrix that can be directly related to the poor cycle

life [8, 9].

In order to improve the cycle performance of a PANI

electrode, Nafion was adopted as a positive charge stabi-

lizer to suppress the nucleophilic attack of other species on

the PANI matrix during the charging process [7]. Addi-

tionally, single- and multi-walled carbon nanotubes (CNT)
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were employed to overcome the mechanical stress-induced

degradation of PANI for supercapacitor electrode [8–10].

The excellent mechanical strength and good resiliency of

CNT alleviated the mechanical stress in PANI, and thereby

the cycle performance could be considerably improved.

Alternatively, ruthenium oxide (RuO2) used as an electrode

material of redox supercapacitors is known to show

excellent cycle performance and high specific capacitance

(*720 F g-1) [11–14]. Due to the inherently dense mor-

phology of the RuO2, however, only a very thin surface

layer of this material participated in the charge storage

process, and the underlying bulk material remained as dead

volume, resulting in a reduction in specific capacitance.

Many attempts to overcome these drawbacks have been

made by synthesizing composites of RuO2 with activated

carbon [15–17], CNTs [18–21], carbon nanofibers [22], and

some conducting polymers [23, 24]. For instance, RuO2/

90% activated carbon and RuO2/CNT composites recently

achieved very high capacitance values over 1,000 F g-1

[15, 19, 20].

In this study, a PANI and PANI/CNT composite was

synthesized, and the effect of CNT on improving the

cycleability of supercapacitors was examined. This PANI/

CNT composite was then employed as a matrix material to

prepare a PANI/CNT/RuO2 composite in which a small

quantity of hydrous RuO2 was electrodeposited on the

PANI/CNT matrix surface to produce a thin layer of

hydrous RuO2. After the evaluation of supercapacitive

properties of the PANI, PANI/CNT, and PANI/CNT/RuO2

electrodes by cyclic voltammetry and other characteriza-

tion tools, the advantages of each electrode in terms of

specific capacitance and cycleability are examined and

discussed. In addition, the PANI/CNT/RuO2 composite

electrode is particularly considered as a tool for increasing

the utilization of supercapacitive active material.

2 Experimental

CNTs (multi-walled, 20 nm diameter, 5 lm length, purity

[90%; Carbon Nano-materials Tech., Pohang, Korea)

prepared by chemical vapor deposition was used without

further purification. All other chemicals were purchased

from Aldrich. The preparation procedures of PANI and

PANI/CNT active materials is described elsewhere [25];

0.856 g of CNT was used. The masses of PANI in the

PANI and PANI/CNT active materials were 4.3 and

3.424 g, respectively. To fabricate PANI and PANI/CNT

electrodes, slurries were prepared by mixing the PANI or

PANI/CNT active material (90 wt.%) with poly(vinylidene

fluoride-co-hexafluoropropylene) binder (10 wt.%) dis-

solved in N-methyl-2-pyrrolidone. Prior to mixing the

binder solution with the electrode active material, dry

powders were ball-milled for 12 h at 100 rpm to give a

well-dispersed state. For PANI/CNT material, no solid-

state reaction between the polymer and CNT occurred

during this long-time ball-milling process because the

amount of polymer binder applied was as small as 10 wt.%.

After adding the binder solution, the milling continued for

24 h at 100 rpm to obtain homogeneous slurries with good

dispersion. The slurries were then cast onto one side of Pt

foil (1 cm2) electrode. The other side of Pt foil was sealed

with polyimide tape to prevent the transport of electrons

and/or carriers on this side. The electrodes were dried

overnight in ambient atmosphere and further dried under

vacuum at 40 �C for 24 h. To prepare the PANI/CNT/

RuO2 composite electrode, the PANI/CNT-coated elec-

trode was used as a working electrode and the hydrous

RuO2 was galvanostatically deposited on the surface of

PANI/CNT by applying a reductive current (5.0 mA cm-2)

for 180 s. The 50 �C plating bath contained 5.0 mM of

RuCl3 xH2O, 0.01 M HCl, and 0.1 M KCl (pH 2.0).

Cyclic voltammetry and complex impedance measure-

ments of the PANI-based composite electrodes were

performed in a single-compartment cell using an E.G&G

(Model 273A) potentiostat/galvanostat with Ag/AgCl

(saturated KCl, 0.222 V vs. SHE) as a reference electrode

and Pt foil (2 cm 9 2 cm) as a counter-electrode. A Lug-

gin capillary was used, in which the tip was 1 or 2 mm

from the working electrode to minimize errors from iR

drop in the electrolyte. For the electrochemical character-

izations, a test solution of 1.0 M H2SO4 was used as

electrolyte because it is commonly employed for evaluat-

ing the performance of RuO2 electrodes, despite the PANI

being prepared with 1.0 M HClO4. Prior to use, the elec-

trolyte solution was purged with pure nitrogen for 1 h to

remove dissolved oxygen. In the long-term cycle perfor-

mance test, the solution was covered with a nitrogen

blanket. The loading of composite materials on the Pt foil

was determined with a digital balance (Metler Toledo) that

had a sensitivity of 10.0 lg. The surface morphology of the

PANI-based composites was examined using a field-

emission scanning electron microscope (XL30SFEG,

Philips).

3 Results and discussion

The ratio of PANI in the PANI/CNT composite was 80

wt.%. The ratio of RuO2 in the PANI/CNT/RuO2 ternary

composite after electrodeposition was estimated to be 7

wt.% metallic Ru by comparing weights before and after

deposition. Due to the constant reductive current applied

for deposition of RuO2 it is believed that only metallic Ru

is deposited during the initial stage; this is transformed

(oxidised) into the amorphous hydrous oxide form (RuO2)
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upon cycling. Surface morphologies of PANI and PANI/

CNT composite electrodes (see Fig. 1) were similar to

those in an earlier report [25] in which the morphology of

pristine CNT was also shown. The granular structure of

PANI doped with chloride anions was observed; this was

typical to that prepared with perchloric acid [26]. For the

PANI/CNT composite, the PANI was uniformly coated on

the CNT surface. The diameter of the PANI-coated CNT

was *80 nm, which is a desirable morphology for sup-

ercapacitor electrode materials as the high specific surface

area can store more double-layer charge to obtain high

specific capacitance. The open surface may provide rapid

access of the electrolyte into the bulk-phase of the elec-

trode material. The dispersion of Ru species on the PANI/

CNT matrix may be confirmed by a precise technique like

depth profile analysis of Auger electron spectroscopy [27],

but a simple morphological observation was performed in

this study. After deposition of RuO2, the PANI/CNT

morphology changed; small globular RuO2 particles with a

diameter of approximately 70–100 nm were distributed on

the surface of the PANI/CNT matrix (see Fig. 1c). Effec-

tive dispersion of a thin surface layer of hydrous RuO2 (7

wt.% metallic Ru in the PANI/CNT/RuO2 electrode) was

helpful in utilizing the RuO2 layer to provide high charge

storage and long cycle life.

As shown in Fig. 2, the electrochemical characteristics of

three types of electrode were investigated by cyclic vol-

tammetry at scan rates ranging from 100 to 1,000 mV s-1.

The current values in the figures are normalized to the weight

of active material (mass of binder are not considered as

active material) in the electrodes. PANI-based electrodes are

usually known to show bulk faradaic redox behavior at

potentials over 0.2 V [28]. All electrodes in this study show

the same phenomena; the redox peak position shifts with

increase in scan rate to yield a wider potential range between

the cathodic and anodic peaks, indicating a capacitance

decrease (or revealing the irreversibility) as the iR drop

becomes significant. Cyclic voltammograms (CVs) of the

PANI electrode show a well-defined redox behavior, which

agrees with previous work [1, 7]. The distortion in the shape

of the CV may be attributed to the limitation of proton dif-

fusion-migration and the iR drop in the bulk PANI electrode

[1]. As shown in Fig. 2a the cathodic peaks in the range 0.2–

0.5 V and their corresponding anodic peaks in the -0.1 to

0.1 V region are attributable to the redox transition of PANI

in its oxidation states, that is, between the leucoemeraldine

and the emeraldine forms [29, 30]. However, the pair of

redox peaks with higher oxidation states of PANI at poten-

tials [0.6 V [27] cannot be clearly shown, due to the

degradation of PANI by the attack of water molecules [31].

The CVs of the PANI/CNT and PANI/CNT/RuO2

electrodes clearly indicate both a redox process at low

potential and a double-layer capacitive behavior in the high

potential range, in contrast to the behavior of the PANI

electrode. The CV shape of the PANI/CNT electrode,

compared to the PANI electrode, appears as a partial

rectangle at higher potential [0.6 V. That is, the CNT in

the PANI/CNT electrode provides a high surface area in

the composite, resulting in the development of capacitive

properties between 0.6 and 0.8 V. Based on the potential

0.6 V which may be considered as an edge of the partial

rectangular CV shape, the anodic current density increases

linearly with increase in scan rate. This implies very fast

faradaic reactions of capacitive behavior, revealing the
Fig. 1 Scanning electron micrographs of a PANI, b PANI/CNT, and

c PANI/CNT/RuO2 composite electrode materials
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high power properties of PANI/CNT and PANI/CNT/RuO2

composite electrodes [19].

The PANI/CNT/RuO2 electrode showed no new peaks,

compared to pure RuO2 [22] and CNT/RuO2 [18, 21],

although some increases in current was observed. It is

widely accepted that in RuO2 double injection/expulsion of

electrons and protons occurs, whereas in PANI counterion

diffusion (anion doping/dedoping) occurs, although protons

may inject/expel in the more positive potential range.

Considering the charge storage process in PANI and pure

RuO2 electrodes in the aspect of the concomitant exchange

of protons and electrons, the PANI and RuO2 in the PANI/

CNT/RuO2 composite electrode may show synergistic

effects during the charge storage process. Also, it seems

that effective dispersion of a thin surface layer of hydrous

RuO2 (7 wt.% metallic Ru in the PANI/CNT/RuO2 elec-

trode) provides high electrochemical utilization in the

PANI/CNT/RuO2 due to the large interfacial area between

RuO2 and CNT. In addition, the PANI/CNT and PANI/

CNT/RuO2 electrodes demonstrate no significant change in

the CV shapes, even at the high scan rate of 1,000 mV s-1.

Therefore, iR loss was no longer considered in the com-

posite electrodes, revealing the high-power characteristics.

The specific capacitance estimated from the CVs is

represented as a function of scan rate in Fig. 3. The specific

capacitances at 100 mV s-1 were 237, 333, and 441 F g-1

for PANI, PANI/CNT, and PANI/CNT/RuO2 composite

electrodes, respectively. The capacitance of 333 F g-1 for

PANI/CNT is slightly lower than the values (350–

380 F g-1) for some polymer/CNT electrodes [32, 33].

From a control experiment, the specific capacitance of pure

CNT was estimated to be 40 F g-1. By subtracting the

double-layer contribution of CNT, it was observed that the

PANI/CNT composite electrode delivered an additional

capacitance of 56 F g-1 (i.e., 333 - 237 - 40 = 56),

which can be understood as a synergistic capacitance. A

composite of PANI with CNT can be made by increasing

the specific surface area of the PANI, resulting in the

enhanced double-layer capacitance of PANI. Alternatively,

a thin coating of PANI on CNT can facilitate an effective

Fig. 2 Cyclic voltammograms of a PANI, b PANI/CNT, and c
PANI/CNT/RuO2 electrodes recorded in 1.0 M H2SO4 at various scan

rates

Fig. 3 Specific capacitance of three types of electrodes as a function

of scan rate recorded in 1.0 M H2SO4
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penetration of electrolyte into the volume of PANI, leading

to enhanced participation of active material in the charge

storage process. The open morphology of the PANI/CNT

composite and good electrical conductivity offered by CNT

may be considered to play a favorable role in the higher

specific capacitance of the PANI/CNT composite

electrode.

It was interesting to observe that the PANI/CNT/RuO2

composite electrode showed higher specific capacitance

than that of the PANI/CNT electrode, even for small

loadings of RuO2 (7 wt.% metallic Ru) in the composite.

The difference in specific capacitance may originate from a

Faradaic pseudo-capacitance of the RuO2 material. Since

the pseudo-capacitance of RuO2 originates from surface

reactions and is proportional to the specific surface area,

the PANI/CNT composite appears to be appropriate as a

matrix material for the effective surface dispersion of

RuO2, thereby maximizing the specific surface area of

RuO2. The specific capacitance (441 F g-1) of the PANI/

CNT/RuO2 composite at 100 mV s-1, which was based on

the combined mass of PANI and RuO2, was also greater

than the values obtained from other composites of RuO2

with carbonaceous materials [16, 18]. At a scan rate of

1,000 mV s-1, the capacitance retentions were 84, 91, and

89% for the PANI, PANI/CNT, and PANI/CNT/RuO2

composite electrodes, respectively, when compared with

those at 100 mV s-1. The data reflected the high power

characteristics of the composite electrodes, which was due

to the presence of highly conducting mesoporous CNT in

the composite that offers higher electrical conductivity to

the active material, and enables the rapid influx of elec-

trolyte into the entire volume of electrode.

The cycle performances of three types of electrodes

were investigated to confirm the improvement in cycle life

by adopting CNT and/or RuO2, compared to the PANI

electrode. These cyclic stability tests were conducted in the

potential range -0.2 to 0.6 V, not from -0.2 to 0.8 V,

because we avoided the degradation range (0.6–0.8 V) of

PANI by attack of water molecules [31]. Continuous

cycling for 104 times was performed with CV measure-

ment in 1.0 M H2SO4 electrolyte between -0.2 and 0.6 V

at a scan rate of 200 mV s-1 (see Fig. 4). Each electrode

maintains a similar CV shape after 104 cycles, except for

the decrease in current. Among the three electrodes, how-

ever, PANI/CNT/RuO2 showed distinctive redox peaks,

especially, the capacitive currents at both ends of the

potential window. This is particularly due to the pseudo-

capacitive reactions of RuO2 in the composite electrode.

The specific capacitance estimated from the CVs at

200 mV s-1 is shown in Fig. 5. After 104 cycles, the

capacitance retentions were 51, 66, and 61% for PANI,

PANI/CNT, and PANI/CNT/RuO2 electrodes, respectively,

compared to the first cycle. Although the reversibility of all

electrodes is somewhat poor because of the comparatively

higher scan rate (200 mV s-1), the CNT appeared to

improve the cycleability of PANI by alleviating the

mechanical stress from volume change during the doping/

dedoping process. However, the PANI in the PANI/CNT

Fig. 4 Cyclic voltammograms of a PANI, b PANI/CNT, and

c PANI/CNT/RuO2 electrodes recorded at a scan rate of

200 mV s-1during cycle performance test in 1.0 M H2SO4
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also underwent mechanical degradation. By a rough

quantitative calculation, the improvement in cyclability of

PANI due to the CNT was 130% (=66/51 for PANI/CNT

vs. PANI at 200 mV s-1) after 104 cycles. Compared to

the previous result of using Nafion [7] instead of CNT, the

improvement in cyclability of PANI was 135% (84/62 for

PANI/Nafion vs. PANI at 500 mV s-1) after 104 cycles. It

is remarkable that CNT and Nafion may offer nearly equal

contributions in improving the cycle performance of PANI

although slightly different scan rates were applied. On the

other hand, the slightly lower capacitance retention of the

PANI/CNT/RuO2 electrode (61%) after 104 cycles, com-

pared to the PANI/CNT electrode (66%), is presumed to be

due to the dissolution and/or detachment of some RuO2

from the electrode. However, the order of electrodes with

respect to decreasing the loss in specific capacitance is

PANI/CNT/RuO2 (140 F g-1) [PANI/CNT (90 F g-1),

indicating that the CNT does not maintain more capaci-

tance in the composites.

Figure 6 shows the complex impedance spectra of the

three electrodes, obtained before the cycle performance test

and after 104 cycles. The PANI/CNT and PANI/CNT/

RuO2 composite electrodes exhibited good capacitor-like

behavior with a small diffusion limit. Due to the slight

difference in electrode thickness (in the order of *102 lm

excluding the Pt foil) before cycling, a slight difference

(*0.1 X) in the real component of impedance at high

frequency was observed. The real component of the

impedance spectra at high frequency, corresponding to the

solution resistance and electronic/ionic resistance of the

electrode film, slightly increased for only the PANI elec-

trode after 104 cycles. This indicates that the other

electrodes, except for the PANI, exhibited good electro-

chemical stability over long-term cycling. The impedance

spectra of these composite electrodes do not demonstrate

notable differences after cycling 104 times, although some

losses in specific capacitance were observed.

4 Conclusions

Electroactive PANI and PANI/CNT were prepared by

chemical polymerization. The PANI/CNT composite was

used as a matrix for the electrochemical deposition of

RuO2 to produce PANI/CNT/RuO2. Specific capacitances

estimated from cyclic voltammetry were 237, 333, and

441 F g-1 (at 100 mV s-1) and 199, 304 and 392 F g-1 (at

1,000 mV s-1) for PANI, PANI/CNT and PANI/CNT/

RuO2 composite electrodes, respectively. It seems that the

higher specific capacitance of the PANI/CNT composite of

PANI was due to the surface area increase and effective

Fig. 5 Specific capacitance of three types of electrodes recorded at a

200 mV s-1 as a function of cycle number

Fig. 6 Nyquist plots of three types of electrodes measured a before

cycle performance test and b after cycling for 104 times in the voltage

range of -0.2 to 0.6 V at a scan rate of 200 mV s-1 (frequency range

10-2–104 Hz, d.c. bias 0.5 V vs. Ag/AgCl)
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penetration of the electrolyte component into the entire

volume of PANI, leading to enhanced participation of

active material in the charge storage process. A small

loading of RuO2 (7 wt.% of metallic Ru) in the PANI/CNT/

RuO2 composite improved the capacitance by 108 F g-1,

compared to the PANI/CNT electrode. The cycle perfor-

mance indicated that after 104 cycles the capacitance

retentions were 51, 66 and 61% for PANI, PANI/CNT, and

PANI/CNT/RuO2 electrodes, respectively. The CNT cer-

tainly offers mechanical support to the PANI, thereby

enabling the improvement in cycle life. The low capaci-

tance retention of the PANI/CNT/RuO2 electrode after

104 cycles, in comparison with PANI/CNT, was probably

due to dissolution and/or detachment of some of the RuO2

from the electrode.
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