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bstract

The influence of Triton X-100 in enhancing the capacitance of polyaniline-based nickel electrodes is reported. Cyclic voltammetric experiments,

alvanostatic charge–discharge studies and impedance analysis were carried out in order to investigate the applicability of the system as an
lectrochemical supercapacitor. A qualitative interpretation of the enhancement is provided. Fourier transform infrared (FTIR), X-ray diffraction
nd scanning electron microscopy techniques were employed for characterization of the electrode.

2005 Published by Elsevier B.V.
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. Introduction

The development of electrochemical supercapacitors for
igh-power applications constitutes a frontier area of research
n the development of energy storage devices [1–4]. The origin
f the high capacitance value arises from Faradaic pseudocapac-
tance as well as from adsorption phenomena. A large number
f materials [5–7] such as carbon, transition metal oxides and
lectronically conducting polymers are under close scrutiny as
lectrode materials for supercapacitor applications. The origin
f the high capacitance in the case of transition metal oxides
nd conducting polymers arises from the Faradaic reactions
hile for the carbon materials, it arises from the double layer at

he electrode–electrolyte interface. Conducting polymers offer
dvantages [8,9] of lower cost in comparison with metal oxides
nd a higher charge density than carbon. These often have
ood intrinsic auto-conductivity and are inexpensive. Polyani-
ine (PANI) is unique among the family of conjugated polymers
10] since its doping level can be controlled in a facile manner,

hrough an acid doping/base dedoping process. PANI possesses
igh conductivity, good redox reversibility, environmental sta-
ility [11] and has been extensively studied for diverse applica-
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ions involving rechargeable batteries, electrochromic devices,
ensors, etc. [12–16]. Nanostructured PANI offers the possibil-
ty of enhanced performance whenever higher interfacial area
etween PANI and its environment is essential [17]. In the design
f supercapacitors requiring high surface area, nanostructured
ANI should be an ideal candidate. Hence extensive attempts
re being made to synthesize nanostructured PANI by addition
f surfactants [18], polyelectrolytes [19], sulphonated dopants
20], etc. during polymerization.

Surfactants have important practical implications in wetting,
ormation of foams, etc. In addition to aggregation of surfactants
t interfaces, aggregation of polymers at interfaces has also been
tudied [21]. Polymeric nanostructures are formed on surfaces
ue to a combination of interfacial, intra- and intermolecular
orces [22]. The nonionic surfactant Triton X-100 (TX 100) is
commercial product obtained by ethoxylation of p-(1,1,3,3-

etramethylbutyl) phenol and contains ∼9.5 oxyethylene units
er molecule [23]. There are several theoretical
[24,25] and experimental [26] studies concerning micel-
ar properties of the TX 100 system. Nonionic surfactants are
mployed for suppressing the polarographic maxima in polarog-
aphy [27] and for accelerating the ion transfer across polarized
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ater/oil interfaces [28]. Nonionic surfactants are preferable to
onic surfactants in the polymerization of PANI. For example,
lthough the anionic surfactants would enhance the solubility
nd the stability of the PANI, the emulsion requires a high molar
atio of the surfactant since one part of the surfactant acts as
dopant while the other part stabilizes the reactive medium.
n the other hand, nonionic surfactants offer decreased sensi-

ivity [29] of the latex to acidity and ionic strength. Further,
heir surface activity can be adjusted by changing the length of
ydrophile–lipophile ratio and they are more compatible with a
ariety of polymers. Nonionic surfactants are known to be less
ensitive to pH than their ionic counterparts and thus their ability
o stabilize the PANI water-borne polymerization process should
e better.

In the present study, PANI is electrochemically synthesized
y potentiodynamic deposition on nickel in the presence of
nonionic surfactant, Triton X-100 (TX 100). The presence

f the nanostructured material is inferred from scanning elec-
ron microscopy (SEM) studies. A specific capacitance value of

2.30 × 103 F g−1 is deduced using impedance spectroscopy
nd galvanostatic charge–discharge studies.

. Experimental
Analar grade aniline (SRL Ltd., India) was vacuum-distilled
t 120 ◦C before use. Analar grade HClO4, NaClO4 and Triton
-100 (SRL Ltd., India) were used as received. Double-distilled

w
t
(
s

ig. 1. Scanning electron micrographs of PANI deposited potentiodynamically on Ni
c) 2 mM and (d) 20 mM.
of Power Sources 159 (2006) 1519–1526

ater was used for the preparation of solutions. Electrochem-
cal measurements were made in a one-compartment cell with
three-electrode configuration using a commercially available
i foil of 1 cm2 area as the working electrode, Ag/AgCl (Bio
nalytical Systems, USA) as the reference electrode, while Pt
ire (Bio Analytical Systems, USA) served as the counter elec-

rode. The electrolyte solution for electropolymerization con-
isted of 0.1 M aniline, 0.1 M HClO4 and 3 M NaClO4 and
arious concentrations of TX 100 (0.2, 2, 5, 10, 20, 30 and
0 mM). The deposition of PANI was carried out potentio-
ynamically wherein the working electrode was subjected to
otential cycling between −0.2 and 1.2 V versus Ag/AgCl at a
can rate of 300 mV s−1 for 100 cycles. After deposition, the
oated polyaniline films were rinsed with 0.1 M HClO4 and 3 M
aClO4 in order to remove soluble monomeric species. Cyclic
oltammetry, galvanostatic charge/discharge experiments and
mpedance analysis were performed using an electrochemical
orkstation CHI 660A (CH Instruments, USA). The impedance
easurements were recorded in the frequency range 100 kHz

o 10 mHz with an excitation signal of 5 mV. All the experi-
ents were carried out at a temperature of 32 ± 1 ◦C. Scanning

lectron microscopy (SEM) images were recorded using JEOL
SM-840A instrument. X-ray diffraction pattern of the sample

as recorded using a Shimadzu XD-D1 powder X-ray diffrac-

ometer using Cu K� source. The Fourier transform infrared
FTIR) spectra of PANI was recorded on a Perkin Elmer FT-IR
pectrophotometer from KBr pellets.

foil in the presence of various concentrations of TX 100: (a) 0 mM, (b) 0.2 mM,
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. Results and discussion

.1. SEM characterization

Fig. 1 depicts the SEM images of the PANI formed poten-
iodynamically on Ni substrate in the presence of various con-
entrations of TX 100. It is seen from Fig. 1a that the PANI
lm formed in the absence of TX 100 has a porous and layered
tructure. Fig. 1b and c depict the PANI film formed in the pres-
nce of 0.2 and 2 mM TX 100 concentration. In these cases, the
orphology of PANI is not changed substantially. However, at

oncentration of 20 mM TX 100 (Fig. 1d), smooth PANI films
aving particle sizes of ∼200 nm are formed on Ni. Thus a highly
anostructured film of PANI is obtained in the presence of TX
00, at concentrations much higher than the critical micelle con-
entration of 0.3 mM [30].

.2. X-ray diffraction analysis (XRD)

Fig. 2 depicts the XRD patterns of the Ni foil coated with
ANI in the presence and absence of TX 100. Studies on XRD
atterns of PANI are scarce in the literature [31,32]. The XRD
attern depicts reflections at 2θ values of 44.5◦ and 51.8◦. On
omparing with the JCPDF (Joint Committee Powder Diffrac-
ion Files) files, it is inferred that the two reflections correspond
o either Ni metal or NiO, which is present beneath the PANI
ayer. Although no additional peaks have been noticed for PANI
ormed in the presence of TX 100, a two-fold increase in the peak
ntensity is inferred. In general, an enhancement of intensities of
RD peaks indicates a corresponding increase in crystallinity of

he samples and in the case of PANI synthesized in the presence
f surfactants such as dodecylbenzenesulphonic acid, sodium
odecyl sulphate, etc., XRD studies have demonstrated [33,34]
hat increase in intensity suggests a relatively ordered polymer
lm. The d-spacings and the relative intensities for the peaks for
ANI synthesized in the presence of 20 mM TX 100 are given
s 2.04, 1.77 and 1.25 Å, and 73.3, 100.0 and 40.0, respectively
orresponding to the 2θ values of 44.5◦, 51.8◦ and 76.3◦.
.3. FTIR studies

The FTIR spectrum of PANI in the presence and absence of
X 100 is shown in Fig. 3. The peaks observed at 3430 cm−1

a
t
f
I

Fig. 2. X-ray diffraction spectra of PANI grown on
ig. 3. FTIR spectra of PANI grown by potentiodynamic deposition on Ni sub-
trate in the presence of (a) 0 mM TX 100 and (b) 20 mM TX 100.

re attributed to the N–H stretching vibrations. PANI films
how C–N stretching frequencies in the range 1250–1300 cm−1

nd the peak at 2925 cm−1 is attributed to the C–H stretch-
ng vibrations. There is little difference between the pattern of
eaks observed for PANI films prepared in the presence and
bsence of TX 100 and no new peaks are observed indicating
he absence of any significant interaction between TX 100 and
niline monomer.

.4. Cyclic voltammetric studies

Fig. 4 depicts a typical voltammogram recorded for 100 con-
inuous cycles during the polymerization of aniline on Ni sub-
trate in the presence of 20 mM TX 100. The cathodic and anodic
eak potentials at 0.1 and 1.0 V respectively have not been
hifted appreciably from their corresponding positions in the
yclic voltammogram for electropolymerization in the absence
f TX 100 implying that no complex formation between TX 100
nd aniline has occurred. This feature has been inferred [35] in
arlier investigations too; it has been demonstrated that the inter-

ction of the polymer with the surfactant is not significant; in fact
he surfactant upon adsorption on the Ni surface, alters the inter-
acial structure which facilitates the electropolymerization [36].
n the potentiodynamic method, a layer of PANI is deposited in

Ni (a) absence and (b) presence of TX 100.
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ig. 4. Multi-cycle voltammogram depicting the electropolymerization of ani-
ine on Ni from 0.1 M aniline + 20 mM TX 100 + 0.1 M HClO4 + 3.0 M NaClO4

t a scan rate of 300 mV s−1. Number of cycles = 100.

ach sweep between 0.9 and 1.2 V. In the potential range between
0.2 and 0.9 V, the deposited PANI undergoes reversible redox

eactions, viz Leucoemeraldine/Emeraldine transition at 0.2 V
nd Emeraldine/Pernigraniline transition at 0.7 V. Thus the poly-
erization occurs layer by layer and each layer becomes elec-

rochemically active before the next layer is deposited. Hence
he PANI layers exhibit a pseudocapacitive behaviour. Thus the
mount of PANI deposited also includes the charge consumed
or pseudocapacitive behaviour due to the electrochemical acti-
ation of the PANI layer in the potential range of −0.2 and
.9 V. This charge need not be excluded in the calculation of
ANI deposited since the potential scanning is made between
0.2 and 1.2 V and also this electrochemical activation is a part

f the formation of PANI by potentiodynamic method. Fig. 5
epicts the cyclic voltammogram (CV) for PANI electrode pre-
ared in the presence and absence of TX 100. The area under
he curve is markedly higher for the PANI electrode formed in
he presence of TX 100 which implies an enhancement in the
harge storage. Fig. 6 depicts the CVs of Ni/PANI electrode pre-
ared in the presence of 20 mM TX 100 in 0.1 M HClO4 + 3.0 M

aClO4 at different scan rates. The cyclic voltammogram of the

ANI-based electrode shows a pseudocapacitive current which
rises mainly from the redox transitions of the PANI molecu-
ar chain. The dependence of voltammetric currents on the scan

ig. 5. Cyclic voltammogram for Ni/PANI prepared at (a) 0 mM TX 100 and
b) 20 mM TX 100 at a sweep rate of 300 mV s−1.

e
t
[

C

F
a

ig. 6. Cyclic voltammogram for Ni/PANI (prepared in the presence of
0 mM TX 100) at various sweep rates: (a) 25.0 mV s−1, (b) 50.0 mV s−1, (c)
5.0 mV s−1 and (d) 100 mV s−1.

ate of CV is used to analyse the reversibility of electrode mate-
ials for supercapacitor applications. The linear dependence of
he voltammetric currents on the scan rate indicates that the
harge/discharge currents are typically capacitive-like.

.5. Charge–discharge experiments

In order to further ascertain the feasibility of the Ni/PANI
lectrode material as a supercapacitor, galvanostatic charge–
ischarge cycles were constructed at current densities ranging
rom 1.5 to 4 mA cm−2. A typical potential versus time pro-
le for a constant current of 3.0 mA cm−2 is shown in Fig. 7.
his behaviour is consistent with charging/discharging pattern

ideally a “���. . ..” shaped voltage response) exhibited by
ther supercapacitor electrode materials such as activated car-
on, metal oxides, etc. in general [37]. Furthermore, the charge
urves are symmetric to their corresponding discharge counter-
arts in the potential window indicating the practical feasibility
f the PANI electrode in the presence of TX 100 for the devel-
pment of supercapacitors. The pseudocapacitance can also be
valuated by charging–discharging responses via chronopoten-

iometry. The pseudocapacitance in this case is represented as
38]

cp = i �t/�v m (1)

ig. 7. Galvanostatic charge–discharge curves of Ni/PANI (TX 100) electrode
t a current density of 3.0 mA cm−2.
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ig. 8. Variation of capacitance with the number of cycles at various current
ensities.

here i, �t, �v and m denote respectively current density,
ischarge time, potential range and the active weight of the
lectrode material. Specific capacitances (F g−1) of the order1

f 2.30 × 103, 1.96 × 103 and 1.51 × 103 F g−1 are obtained at
urrent values of 3.0, 5.0 and 7.0 mA cm−2 for an active weight
f 0.014 mg cm−2 of PANI (estimated from the integration of
he area under the anodic curve of the cyclic voltammogram
f Fig. 4). The specific capacitance for PANI obtained in the
bsence of TX 100 is ∼1.28 × 103 F g−1; hence an appreciable
nhancement is obtained solely on account of the polymerization
arried out in the presence of TX 100.

In order to evaluate the stability of the electrodes, the
harge–discharge cycling tests were conducted for 1000 cycles.
ig. 8 shows the variation of specific capacitance with cycle
umber for Ni/PANI (TX 100) electrodes at various current
ensities. The specific capacitance of the Ni/PANI electrodes
as as high as 2.30 × 103 F g−1 at the early stage of cycling

or 3.0 mA cm−2 current density as seen from Fig. 8. How-
ver, the capacitance decreased to 2.27 × 103 F g−1 after 1000
ycles. This decrease in capacitance after 1000 cycles is consis-
ent with the performance of other PANI based electrodes such
s PANI/carbon [39], PANI/stainless steel [40] and LiPF6 salt
oped PANI [41].

.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was
mployed to obtain equivalent circuit parameters such as the
harge transfer resistance and ohmic resistance, which enable
echanistic characterization of the system. Typical Nyquist

iagrams for Ni/PANI electrode in 0.1 M HClO4 + 3.0 M
aClO4 solutions at different applied voltages (0.20–0.75 V)

re given in Fig. 9. The impedance plots show a distorted
emi-circle in the high-frequency region due to porosity of
ANI and a vertically linear spike in the low-frequency region.

he high-frequency intercept of the semi-circle on the real axis
rovides the value of ohmic resistance (R�) and the diameter
f the semi-circle gives an approximate value of the resistance

1 The magnitude of specific capacitances contain three significant figures.

m
t
n
u
s
i
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Rct) of the PANI/electrolyte interface. Since the charge transfer
esistance is the partial derivative of Faradaic current density
A cm−2) with respect to the potential, Rct has the units of

cm2. The value of R� is nearly invariant and is ∼4 � cm2

or all the applied voltages. However, the value of Rct increases
ith the applied voltage, which is deduced from the diameter
f the semi circle. The angle made by low-frequency data
n the real axis decreases on increasing the applied voltages
f Ni/PANI electrode from 0.20 to 0.75 V. This trend is in
greement with the PANI formed on various substrates such as
latinum [42] and stainless steel [40]. From the frequency (f*)
orresponding to the maximum of the imaginary component
−Z′′) of the semi-circle, the time constant (τ) is calculated
sing the expression

= 1/2πf ∗ (2)

The value of τ obtained from Fig. 9 lies in the range of
.001–0.1 s. Low values of τ are preferred for electrochemical
apacitors in order to ensure fast charge/discharge characteris-
ics [1]. The low-frequency capacitance (Ct) can be calculated
rom the variation of the imaginary component of the impedance
ith the reciprocal of the frequency (−Z′′ versus 1/f). The slope
f this plot is equal to 1/2πCt and for the potential range between
.20 and 0.75 V, Z′′ versus 1/f plots exhibit a linear correlation.
he specific capacitance values (F g−1) at various applied poten-

ials of 0.20, 0.40 and 0.60 V are 2.45 × 103, 2.32 × 103 and
.05 × 103, respectively. These values are consistent with that
btained from charge–discharge experiments (cf. Section 3.5).
ig. 10 depicts the equivalent circuit which is in accordance with

he above Nyquist plot. In this model, the double layer capacity
nd the Warburg impedance for semi-infinite linear diffusion are
eplaced by two constant phase elements (CPEs). The two con-
tant phase elements CPE1 and CPE2 correspond respectively to
he double layer capacitance and diffusion process of the cations
t the interface. In general, the appearance of a CPE may arise
rom (a) a distribution of the relaxation times as a result of diverse
nhomogenities existing at the electrode/electrolyte interface, (b)
orosity, (c) nature of the electrode and (d) dynamic disorder
ssociated with diffusion. The proposed equivalent circuit for
he Ni/PANI (TX 100) electrode can be compared with that of
he Ni hexacyanoferrate composite electrode [43] wherein the
ations from the electrolyte medium intercalate in and out of
he electrode. It has been demonstrated [44,45] that polyaniline
ation/perchlorate ion pair exhibit low solubility or dissociation,
specially in comparison with the chloride and bisulphate ions.
he fact that perchlorate ions are more strongly bound within

he PANI film makes the expulsion of the anions more diffi-
ult in this case and hence the redox process occurs due to the
iffusion of the H+ ions present in the electrolyte through the
olymer material. Hence the incorporation of the two CPE ele-
ents in the equivalent circuit corresponding to the porosity of

he electrode and the semi-infinite diffusion of the ions become

ecessary. The fitting of the equivalent circuit was carried out
sing the AC impedance simulator of the electrochemical work-
tation and the parameters of the equivalent circuit are reported
n Table 1. The impedances of the two constant phase elements
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Fig. 9. Impedance spectrum in the frequency range 100 kHz to 10 mHz of Ni/PANI (
Squares denote experimental values while the line represents the fitting of the data to
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ig. 10. Equivalent circuit for Ni/PANI (TX 100) electrode. Rsol is the electrolyte
esistance, Rct the charge transfer resistance, CPE1 and CPE2 denote constant
hase elements.

re defined as [46,47] ZCPE1 = [Q(jω)n1 ]−1 and ZCPE2 =

Q(jω)n2 ]−1 with − 1 ≤ n ≤ 1. While the constant value of

is related to both the surface and the electroactive species,
he exponent n arises from the slope of the log Z versus log f
lot. n denotes the correction factor due to the roughness of

v
0
r
T

able 1
quivalent circuit parameters deduced by fitting the Nyquist plots

. no. Applied potential (V) vs. Ag/AgCl Rct (� cm2) CPE1 (�−

0.2 5 ± 0.5 0.0025 ±
0.4 7 ± 0.2 0.001 ±
0.6 10 ± 1 0.004 ±
0.75 500 ± 2 0.00045 ±
TX 100) at various potentials: (a) 0.20 V, (b) 0.40 V, (c) 0.60 V and (d) 0.75 V.
the equivalent circuit of Fig. 10 using the parameters of Table 1.

he electrode with values ranging between 0 and 1. A pure
apacitance yields n = 1, a pure resistance yields n = 0, while
= 0.5 represents Warburg impedance. From Table 1, it is

nferred that within the potential window of 0.2–0.6 V (half-
xidized conducting emeraldine state) the value of n1 ∼0.7
mplies the porous nature of the electrode and the value of
2 (∼0.9) indicates the highly capacitive nature of the sys-
em. At 0.75 V (completely oxidized state) n2 = 0.21 depicts
he resistive nature of the Ni/PANI electrode. The Nyquist plot
btained for PANI prepared in the absence and presence of

arious concentrations of TX 100 at an applied potential of
.6 V is shown in Fig. 11. It is seen that the charge transfer
esistance Rct decreases with the increase of concentration of
X 100.

1 cm−2 s) CPE2 (�−1 cm−2 s) n1 n2

0.0005 0.088 ± 0.008 0.74 ± 0.05 0.90 ± 0.02
0.0002 0.08 ± 0.005 0.78 ± 0.02 0.85 ± 0.04
0.0001 0.075 ± 0.003 0.54 ± 0.04 0.84 ± 0.02
0.00005 0.004 ± 0.0001 0.51 ± 0.01 0.21 ± 0.01



T.C. Girija, M.V. Sangaranarayanan / Journal

F
N
(

3

p
e
i
p
s

h
i
o
i
P
E
c
d
n
o
c
2
c
3
s
w
m
i
o
c
1
b
T
c
t
p
e
t
T

s
(
d
t
t
h
c
T
t
P
N
s

m
[

C

w
f
d
e
a
∼
w
b
t
s
8
c
w
i
fi
b
r
w
s
t
p
s
l
P
i
[
e
b
h
l
l
o
a

4

ig. 11. Impedance spectrum in the frequency range 100 kHz to 10 mHz of
i/PANI (TX 100) at various concentrations of TX 100: (a) 0 mM, (b) 5.0 mM,

c) 10.0 mM and (d) 20.0 mM at an applied voltage of 0.6 V.

.7. Mechanism of the influence of TX 100

Surfactants are employed as additives in the polymerization
rocesses in order to (i) affect the locus of polymerization using
mulsion [48] or inverse emulsion [49] pathways, for alter-
ng the molecular and supramolecular structure of the resulting
olymers and (ii) improve the conductivity, stability and proces-
ibility [50] of polymers.

In TX 100, there are no electrostatic interactions between the
ead groups of TX 100 and charged aniline at the hydrophilic
nterface of the micelles. For PANI prepared in the presence
f TX 100 below the cmc (0.2 mM), there is no appreciable
ncrease in capacitance (1.29 × 103 F g−1) when compared with
ANI prepared in the absence of TX 100 (1.27 × 103 F g−1).
ven more interesting is that for concentrations higher than
mc, viz 2, 5 and 10 mM, the respective capacitances are
educed as 1.44 × 103, 1.45 × 103 and 1.55 × 103 F g−1 not sig-
ificantly different from 1.27 × 103 F g−1 reached in the absence
f TX 100; however for 20 and 30 mM TX 100, the specific
apacitance reaches a very high value of 2.30 × 103 F g−1 and
.57 × 103 F g−1 (since the specific capacitance value at 50 mM
oncentration of TX 100, was not much different from that at
0 mM, concentrations higher than 50 mM were not employed in
ubsequent studies). Although the specific capacitance increases
ith the surfactant concentration in general, a marked enhance-
ent is seen at a particular value viz 10 times the cmc. This

mplies that the morphology of PANI formed in the presence
f TX 100 is dictated by the concentration of TX 100. Below
mc, there is no appreciable interaction between the neutral TX
00 and aniline monomer; hence no significant differences occur
etween the capacitance values in the presence and absence of
X 100. As the concentration becomes much higher than the
mc, polymerization is localized in the hydrophobic core of
he micelle. Hence a compact and nanostructured polymer is

roduced thereby increasing the surface area of the PANI with
nhanced adhesion to the Ni substrate – a consequence of the
endency of surfactants to reduce the interfacial surface tension.
his results in the organized formation of the polymer on the Ni

t
e
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ubstrate. This inference is also supported by the XRD studies
cf. Section 3.2) wherein a highly crystalline nature has been
educed. At 20 mM concentration of TX 100, it is conjectured
hat marked structural changes of TX 100 micelles occur leading
o a reinforced polymer network, which results in the unusually
igh specific capacitance of 2.30 × 103 F g−1 which is signifi-
antly higher than that of the PANI electrode synthesized without
X 100. For surfactant concentrations at and higher than 20 mM,

he specific capacitance remains nearly a constant. In contrast,
ANI synthesized in presence of p-toluene sulphonic acid on
i electrodes has yielded [51] a value of ∼4.03 × 102 F g−1, for

pecific capacitance.
The theoretical specific capacitance (Cth) of an electrode

aterial is estimated in general, using the following equation
52]:

th = nF/�VM (3)

here n denotes the number of moles of charge trans-
erred. F is the Faraday’s constant and �V the potential win-
ow employed. Cth is deduced as 1.34 × 103 F g−1 since M
quals 192.58 g mol−1 (the combined mass of aniline monomer
nd ClO4

−) and �V = 0.75 V. The specific capacitance of
1.30 × 103 F g−1 obtained in the absence of TX 100 correlates
ell with Cth estimated from the above equation. If interactions
etween aniline monomer and TX 100 were assumed leading
o a complex polymer, then Cth would have decreased sub-
tantially to ∼320 F g−1 since M in this case would become
39.58 g mol−1 and hence it is evident that the enhancement in
apacitance can only be attributed to the morphology of PANI
hich has resulted from the localized polymerization of aniline

n the presence of TX 100 and to the nanostructured nature of the
lm. It has also been previously shown [53] that TX 100 which
ears a chain of approximately 10 ether groups, plays a crucial
ole in organizing the structure of the material and in creating
ell defined and reproducible nanophases wherein this group of

urfactants participates in the formation and organization of clus-
ers in solution. These high specific capacitances can be com-
ared with those offered by other systems (1.74 × 103 F g−1)
uch as nanocomposite material of Ni(OH)2/ultrastable Y zeo-
ites employing a template for the synthesis of Ni(OH)2 and for
ANI/stainless steel (0.80 × 103 F g−1). The presence of TX 100
s known to give mechanical strength to the conducting polymer
54]. TX 100 has been employed previously to modify the prop-
rties of MnO2 in alkaline storage batteries and was proved to
e effective in enhancing the rechargeability characteristics. It
as been demonstrated [55] that the addition of TX 100 yielded
arger surface area, resulting in better discharge performance and
ower degradation rate. In order to obtain the precise magnitude
f specific capacitance for practical applications, two-electrode
ssemblies need to be fabricated.

. Summary
The electropolymerization of aniline in the presence of Tri-
on X-100 and perchloric acid media was carried out on nickel
lectrodes, in a potentiodynamic manner. The electrochemical
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haracterization of the polymer-coated nickel electrodes was
arried out with the help of cyclic voltammetry, galvanostatic
harge–discharge experiments and impedance spectroscopy.
he estimated capacitance of 2.30 × 103 F g−1 was shown to
rise solely on account of the polymerization carried out in
he presence of Triton X-100. FTIR, XRD and SEM studies
ere employed for characterization of the material. A plausible

quivalent circuit was proposed and the corresponding circuit
arameters were deduced for elucidation of the mechanism of
harge transport.
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