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bstract

Polyaniline (PANI) nanofibres are synthesized by interfacial polymerization and their electrochemical performance is evaluated in an aqueous
edox supercapacitor constituted as a two-electrode cell. The initial specific capacitance of the cell is 554 F g−1 at a constant current of 1.0 A g−1,
ut this value rapidly decreases on continuous cycling. In order to improve the cycleability of the supercapacitor, a composite of polyaniline with

ulti-walled carbon nanotubes (CNTs) is synthesized by in situ chemical polymerization. Its capacitive behaviour is evaluated in a similar cell

onfiguration. A high initial specific capacitance of 606 F g−1 is obtained with good retention on cycling. In both supercapacitors, the effect of
harging potential on cycling performances is investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

High-surface carbons, noble metal oxides and conducting
olymers are the main families of electrode materials being
tudied for supercapacitor applications [1,2]. Among them,
uthenium oxide and conducting polymers have been shown
o deliver higher specific capacitance than carbon materi-
ls, since they store charge through both double-layer and
edox capacitive mechanisms. Porous carbon materials can also
resent a pseudo-capacitive behaviour due to redox processes
ndergone by adsorbed surface functionalities, but the con-
ribution of the surface groups to the total charge storage is
ot as important as the one related to the double-layer charge.

ince conducting polymers offer the advantages of lower cost
ompared with ruthenium oxide, they have been paid much
ttention as electrode materials. A wide variety of conduct-
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niline; Redox supercapacitor

ng polymers such as polyaniline [3–8], polypyrrole [9,10],
oly(ethylenedioxythiophene) [11,12], polythiophene and its
ubstituted counterparts [13,14] have been studied for super-
apacitor applications. Of these, polyaniline (PANI) has been
ost actively investigated due to its low cost, ease of synthesis,

igh conductivity and stability.
Over the last decade, there have been many reports published

n the use of polyaniline as an electrode material in both aque-
us [15–17] and non-aqueous redox supercapacitors [18–20].
or this application, it is desirable to synthesize the polyani-

ine with high surface area. Higher surface area produces higher
harge storage ability through both the double-layer mechanism
nd also the effective access of the electrolyte to the electrode
n the redox mechanism. In this study, we have synthesized
olyaniline nanofibres with high surface area and have evalu-
ted their electrochemical performances as electrode materials

n an aqueous redox supercapacitor. With the aim of improv-
ng the cycleability of the polyaniline electrode, a composite
f polyaniline with multi-walled carbon nanotubes (CNT) is
lso synthesized and tested for its charge storage capability. The

mailto:dwkim@hanbat.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.05.103
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ffect of charging potential on the cycling performance of the
ells is also investigated.

. Experimental

.1. Preparation of PANI nanofibre-based electrodes

Polyaniline nanofibres were synthesized by interfacial poly-
erization as reported in the literature [21], which is briefly

escribed as follows. Aniline was dissolved at a concentration
f 0.5 M in 500 ml of CH2Cl2. Ammonium persulfate was dis-
olved in 1.0 M HClO4 solution. This aqueous solution was
arefully spread over the organic solution that contained the
niline monomer and kept undisturbed at 25 ◦C for 24 h. This
olution was filtered, and then washed with copious amounts of
ater and acetonitrile until the filtrate became colourless. Dop-

ng and de-doping was achieved by stirring the polymer in 1.0 M
ClO4 and 0.5 M NH4OH, respectively, and then the product
as filtered and vacuum dried. To prepare the electrodes, the
e-doped (emeraldine base, EB form) polyaniline nanofibres
70 wt.%) were mixed with super-p (20 wt.%) as a conducting
aterial and with carboxy methyl cellulose (CMC) (6 wt.%) and

tyrene-butadiene rubber (SBR) (4 wt.%) as a binder in an aque-
us medium. The mixture was ball-milled for 15 h and then the
esultant slurry was cast on Ti foil (55-�m thick) to a thickness
f 70 �m by means of a doctor blade. The electrodes were dried
n a vacuum oven and roll-pressed to enhance particulate contact
nd adhesion to the foils. The thickness of the polymer coated
n Ti foil after roll-pressing was about 30 �m.

.2. Preparation of PANI/CNT composite-based electrodes

Multi-walled CNT was purchased from ILJIN Nanotech. It
ad been prepared by a chemical vapour deposition process and
ts aspect ratio was about 1000. The PANI/CNT composite was
repared by adopting the in situ chemical synthesis method.
NT was suspended in 1.0 M HClO4 solution containing ani-

ine monomer. This suspension was sonicated for 3 h, to facilitate
he good dispersion of CNT. After sonication, the solution was
ransferred to a polymerization reactor and cooled to 1 ◦C. A
.0 M HClO4 solution containing ammonium persulfate was
hen added drop-by-drop for 1 h, with mechanical stirring of the

onomer solution at 300 rpm. After stirring for 3 h, the temper-
ture was increased to 15 ◦C and stirring continued overnight.
n order to investigate the effect of sonication in the synthesis of
he PANI/CNT composite, another similar synthesis was carried
ut without sonication. The nanocomposite materials were then
ltered, washed with water and acetonitrile, and then vacuum
ried for 24 h. De-doping was achieved by stirring the nanocom-
osites in 0.5 M NH4OH. From the weight of the de-doped
aterial (EB form), the ratio of PANI and CNT was calculated
o be 74:26 (w/w), respectively. The EB form of the compos-
te material (90 wt.%) was mixed with CMC (6 wt.%) and SBR
4 wt.%) as binder in aqueous medium. Electrodes were prepared
ia the same procedure adopted for the polyaniline nanofibre
lectrodes.
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.3. Cell assembly and measurements

Sandwich-type cells were assembled with two symmetric
olyaniline nanofibre electrodes or PANI/CNT composite elec-
rodes (area: 2 cm × 2 cm). The electrolyte used in assembling
he cell was 1.0 M H2SO4 with a microporous polyethylene-
olypropylene separator. The electrodes and separator were
oaked in the electrolyte before cell assembly. The symmetrical
ell was enclosed in a metallized plastic bag and vacuum-sealed.
he morphologies of the polyaniline nanofibres and PANI/CNT
omposite were examined by means of a scanning electron
icroscope (PHILIPS, XL30SFEG). Cyclic voltammograms
ere recorded from 0 to 0.6 V at a scan rate of 10 mV s−1. The
C impedance measurements were performed on a CH Instru-
ents system in the frequency range of 0.01 Hz–100 kHz with an
C perturbation of 10 mV. Constant-current charge–discharge

ycling of the cell was conducted over voltage ranges of 0–0.6
nd 0–0.4 V at a current loading of 1.0 A g−1 with Toyo battery-
est equipment (TOSCAT-3000U) at room temperature.

. Results and discussion

.1. Polyaniline nanofibre-based supercapacitors

Scanning electron micrographs of the polyaniline nanofibres
re presented in Fig. 1. Morphological analysis of the polyani-
ine reveals a nanofibrous structure of fibres of diameter 90 nm
nd length 420 nm. The nanofibrous and porous morphology is
hought be desirable as an electrode material for redox super-
apacitors, because it enables effective and rapid access of
he electrolyte, which results in high charge storage and fast
harge–discharge processes. As shown in Fig. 1(b), upon de-
oping the polyaniline nanofibres, the diameter of the fibres is
ound to be slightly increased, as is the case with conventional
olyaniline.

A sandwich-type cell was assembled using polyaniline
anofibres and 1.0 M H2SO4. It was subjected to constant-
urrent charge–discharge cycling tests at a current loading of
.0 A g−1 in the voltage range of 0–0.6 V. Charge–discharge
urves of the cell are presented in Fig. 2(a). Both charging and
ischarging times rapidly decrease on cycling, which indicates
rapid decrease in specific capacitance. A large IR drop can

e also seen in the discharge curves. The specific capacitance
f the electrode material was calculated using the formula of

(F g−1) = 2It/(m�E), where I is the current applied for the
harging and discharging, t the time of discharge, �E the volt-
ge difference between the upper and lower potential limits and

is the mass of polyaniline in one of the electrodes. The fac-
or of 2 arises from the fact that the total capacitance measured
rom the cell is the addition of two equivalent single electrode
apacitors in series. Fig. 2(b) shows the specific capacitance
nd the Coulombic efficiency as a function of cycle number.
n the initial cycle, the specific capacitance is 554 F g−1, but

apidly decreases with cycling. At the 1000th cycle, the value
s 57 F g−1, which corresponds to 10% of the initial capac-
tance. The Coulombic efficiency of the cell is found to be
early constant (∼98%) throughout the entire cycle test. This
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Fig. 2. Cycling performance of polyaniline nanofibre-based cell, which is cycled
in the voltage range of 0–0.6 V at a current loading of 1.0 A g−1. (a) Charge and
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ig. 1. Scanning electron micrographs of polyaniline nanofibres: (a) doped form
nd (b) de-doped form.

ecrease in specific capacitance with cycling is in agreement
ith other studies on polyaniline-based redox supercapacitors

3,4,18–20]. Nonetheless, it should be noted that the polyani-
ine nanofibre-based cell delivers a very high initial capacitance,
hich is much greater than the values reported for conven-

ional macroscopic polyaniline electrodes [3–5,16,18–20]. This
igher specific capacitance is obviously due to the nanofibrous
ature of the polyaniline yielding a higher surface area, which
avours the effective access of the electrolyte and storage of more
harge via both the double-layer and redox capacitive mecha-
isms. On the other hand, the amount of charge cycled in these
evices is substantially less than the theoretical redox capaci-
ance of the EB form of polyaniline (approximately 1767 F g−1

t 0.3 V per electrode). This form of polyaniline is capable of
eing both oxidized and reduced with this level of capacity
n each direction. The fact that only a fraction (31%) of the
heoretical capacitance is being utilized indicates that, in prin-
iple, the material is not being over oxidized or reduced, and
lso that the conductivity changes due to the change in state
hould not be significant. At the relatively high charge rates

−1
nvolved here (1 A g ), however, non-uniform distribution of
he change in state may occur throughout the depth of the mate-
ial, and thus cause the surface state to differ from the mean
alue.

d
p
t
w

ischarge curves vs. time and (b) specific discharge capacitance and Coulombic
fficiency vs. cycle number. Numbers in figure represent cycle number.

It is of interest to investigate how the cell performance
s altered if the potential window is narrowed. Hence, cell
esting was carried out in the voltage range of 0–0.4 V. The
harge–discharge curves are presented in Fig. 3(a). The spe-
ific capacitance and Coulombic efficiency with cycle number
re also plotted in Fig. 3(b). The specific capacitance of the cell
n the first cycle is 292 F g−1, which slowly increases to a max-
mum value of 339 F g−1 on the 110th cycle and then starts to
ecrease. On the 1000th cycle, the specific capacitance of the cell
s 75 F g−1, which corresponds to 26% of the initial capacitance.

hen comparing the capacitance retention in both 0.6 and 0.4 V
ells, the latter proves to exhibit better cycleability than the 0.6 V
ell. This result suggests that the cycleability of the redox super-
apacitor assembled with polyaniline electrode can be improved
y lowering the charging potential. Higher oxidation potentials
ay degrade the polyaniline electrode and result in a gradual loss

f electroactivity and a decrease in specific capacitance. Addi-
ionally, the mechanical stress that is experienced by the polymer
uring doping and de-doping may have a strong effect on the

roperties of the electrode. As can be seen in Fig. 1, the diame-
er of the de-doped polyaniline fibres is increased in comparison
ith its doped form. When the polyaniline is repetitively cycled
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Fig. 3. Cycling performance of polyaniline nanofibre-based cell, which is cycled
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n the voltage range of 0–0.4 V at a current loading of 1.0 A g−1. (a) Charge and
ischarge curves vs. time and (b) specific discharge capacitance and Coulombic
fficiency vs. cycle number.

etween its oxidized and reduced states, the material experiences
epetitive swelling and shrinkage, which can cause mechanical
tress to the polymeric backbone and gradually deteriorate the
olymeric conductivity and charge storage capability. To exam-
ne further this effect, carbon nanotube composites of the PANI
ere formed in order to provide greater mechanical rigidity, as
escribed further below.

.2. Polyaniline/CNT composite-based supercapacitor

A composite of polyaniline with multi-walled carbon nan-
tubes was prepared and evaluated in an aqueous capacitor cell.
NTs have previously been shown to offer good mechanical sup-
ort to polyaniline and thereby help to improve its cycleability in
oth supercapacitors and lithium batteries [22–27]. Moreover,
he CNT ensures good electronic conduction in the electrode
hen the polymer is in an insulating state. The polyaniline/CNT

omposites were prepared using slightly different experimental

onditions, i.e. with and without sonication, as discussed above
n Section 2. The morphologies of the composite materials pre-
ared with and without sonication are shown in Fig. 4(a and b),
espectively. For comparison, the morphology of pure CNT used

c
w
p
u

ig. 4. Scanning electron micrographs of (a) PANI/CNT composite prepared
ith sonication, (b) PANI/CNT composite prepared without sonication and (c)
ure CNT.

n the present study is also shown, in Fig. 4(c). From the images
f CNT, the average diameter is measured to be about 40 nm.
he PANI/CNT composites show an average diameter of 85 nm,
hich indicates that the CNTs are relatively evenly coated by

he polyaniline layer. From Fig. 4(a), it can be observed that
he composite prepared after sonication shows well-dispersed
NTs enwrapped uniformly with polyaniline. This highly inter-
onnected and porous morphology is highly desirable for fast ion
iffusion and migration in the electrodes. By contrast, the com-
osite prepared without sonication contains bundles of CNTs

oated with polyaniline. It consists of the tips of CNT coated
ith polyaniline in a particular bundle of CNT projecting per-
endicular to the imaging direction. These results indicate the
sefulness of sonication in preparing well-dispersed and highly
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Fig. 6. Cycling performance of PANI/CNT composite-based cell, which is
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ig. 5. Cyclic voltammograms for pure CNT, PANI nanofibre and PANI/CNT
omposite. Scan rate is 10 mV s−1.

orous polyaniline/CNT composite material. Thus, in this study,
he composite that was prepared with sonication is used.

A sandwich-type cell was assembled with the EB form of
ANI/CNT composite and its capacitive behaviour was evalu-
ted. Fig. 5 presents the cyclic voltammograms (CVs) for the
ANI/CNT composite electrode-based cell, along with the CVs
or pure CNT and PANI nanofibre cells. The CV of the pure
NT exhibits the rectangular-like and symmetric response of

deal capacitive behaviour, which means that there is a small
lectric double-layer capacitance in the CNT electrode. For the
ANI nanofibre and PANI/CNT composite cells, redox peaks
an be observed. In these CVs, it can be shown that the current
assed by the PANI/CNT composite-based device is higher than
hat of PANI nanofibre, which means that the capacitance of the
omposite is larger than that of the pure PANI nanofibre. This
ndicates a synergistic effect from the combined contributions
rom PANI and CNT. The nanoporous PANI/CNT composite
rovides a large surface area that allows excellent electrolyte
ccess as well as providing low internal resistance.

The cell assembled with PANI/CNT composite electrodes
as subjected to charge–discharge cycling in the voltage

ange of 0–0.6 V at a constant current of 1.0 A g−1, and its
harge–discharge curves are shown in Fig. 6(a). The specific
apacitance and Coulombic efficiency of the cell as a func-
ion of cycle number are presented in Fig. 6(b). The values
f specific capacitance were calculated based on the weight
f active materials including the CNT. The cell gives an ini-
ial specific capacitance of 575 F g−1, which is higher than the
ure polyaniline-based cell (554 F g−1 at 1st cycle) over the
ame voltage range. It should be noted, for comparison, that
he specific capacitance of the cell assembled with pure CNT
s about 42 F g−1, and thus the sum of the specific capacitances
rom the contents of PANI and CNT is less than 575 F g−1. The
ANI/CNT-based cell therefore shows a synergistic effect of

he complementary properties of both components, as explained
bove. It is also observed that the cycleability of the cell is bet-
er than that of the cell assembled with polyaniline. This result
uggests that the loss of capacitance of the pure polyaniline cell

c
o
a
i

ycled in the voltage range of 0–0.6 V at a current loading of 1.0 A g−1. (a)
harge and discharge curves vs. time and (b) specific discharge capacitance and
oulombic efficiency vs. cycle number.

ith cycling is certainly, to some extent, due to the mechanical
tress that has been alleviated by the use of CNT support.

The cycling results of the cell assembled with PANI/CNT
omposite electrodes, which are cycled in voltage range of
–0.4 V, are presented in Fig. 7. This cell delivers a very high
nitial specific capacitance of 606 F g−1, and there is no large
R drop even in the last cycle. After 200 cycles, the capaci-
ance experiences a smooth fading and becomes 386 F g−1 at
he 1000th cycle. On comparing the data in Figs. 6b and 7b,
he cell cycled in the range of 0–0.4 V is seen to exhibit better
ycleability. This is consistent with the previous results obtained
n the PANI nanofibre-based cell.

To gain some insight in the degradation behaviour of the
ANI/CNT composite electrodes, the AC impedance of the cells
as measured. Fig. 8 presents AC impedance spectra of the cell
efore cycling, and after 1000 cycles in the voltage ranges of
–0.4 and 0–0.6 V. All the impedance measurements were made
n cells in their discharged state without applying any external
otential. In all the three spectra, the cell displays a semicir-

le followed by a capacitive spike. The capacitive behaviour
f the cells is found to start around a frequency of 0.55, 0.48
nd 0.37 Hz, respectively. The lowest value in the cell cycled
n the voltage range of 0–0.6 V is due to the slow charge and
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Fig. 7. Cycling performance of PANI/CNT composite-based cell, which is
cycled in the voltage range of 0–0.4 V at a current loading of 1.0 A g−1. (a)
Charge and discharge curves vs. time and (b) specific discharge capacitance and
Coulombic efficiency vs. cycle number.

Fig. 8. AC impedance spectra of cells assembled with PANI/CNT composite:
(a) before cycling, (b) after 1000 cycles in the voltage range of 0–0.4 V and (c)
0–0.6 V.
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ischarge processes. At high frequencies, the corresponding
ntercepts with the real axis are 0.51, 0.57 and 0.65 �. This
ntercept is known to be related to the uncompensated electrical
esistance of the active materials (R�), the electrolyte resistance
Re) and the electrical leads (Rl) [28]. As Re and Rl are almost
he same, the increase of the intercept is due to an increase in
he electrical resistance of the active materials in the cell cycled
n the voltage range of 0–0.6 V. As described earlier, a higher
ut-off voltage for charging may degrade the polyaniline elec-
rode, which will results in a gradual decrease in its electronic
onductivity. In the cell cycled in the range of 0–0.6 V, two semi-
ircles are observed. The reasons for this phenomenon are not
learly understood at this stage, but it is plausible that the sec-
nd semicircle that appears at a lower frequency is related to
nother type of charge-transfer reaction that occurs after poly-
er degradation. Of particular interest in the AC impedance

pectra is the total charge-transfer resistance (Rct). The charge-
ransfer resistances calculated from these spectra are 0.79, 0.81
nd 2.24 �, respectively. The higher value of Rct in the 0.6 V cell
an be ascribed to degradation of the electrode upon cycling.
rom these results, it can be said that the charging potential can
e the important factor in determining the cycling behaviour
f the redox supercapacitor assembled with polyaniline-based
lectrodes.

. Conclusions

PANI nanofibres have been synthesized and evaluated as
n electrode material for aqueous redox supercapacitor. The
anofibres deliver an initial specific capacitance of 554 F g−1

n the two-electrode cell using 1.0 M H2SO4 at a current load-
ng of 1.0 A g−1. Its capacitance decreases rapidly on continuous
ycling, due to both polymer degradation and mechanical stress
n the polyaniline. In order to improve the cycleability, a com-
osite of PANI with multi-walled CNTs is synthesized by in situ
hemical polymerization. The cell assembled with PANI/CNT
omposite electrodes shows a high initial specific capacitance of
06 F g−1 and good capacitance retention in the voltage range
f 0–0.4 V. Both the specific capacitance and the cycleability for
he redox supercapacitor are found to depend on the charging
otential.
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