Applied Polymer

SCIENCE

Aqueous, interfacial, and electrochemical polymerization pathways of
aniline with thiophene: Nano size materials for supercapacitor

Umashankar Male,* Bal Sydulu Singu,? Palaniappan Srinivasan>

LPolymers and Functional Materials Division, CSIR—Indian Institute of Chemical Technology, Hyderabad 500 007, India
2Department of Chemistry, Osmania University, Hyderabad 500 007, India

SCSIR—Network Institutes for Solar Energy (NISE), New Delhi, India

The study is carried out at Polymers and Functional Materials Division, CSIR—Indian Institute of Chemical Technology, Hyderabad
500 007, India.

Correspondence to: P. Srinivasan (E -mail: palani74@rediffmail.com or palaniappan@iict.res.in)

ABSTRACT: Aniline was mixed with thiophene and oxidized by ammonium persulfate in the presence of sulfuric acid via an aqueous
polymerization pathway (PAT-AP). Aqueous polymerization was also carried by sodium lauryl sulfate surfactant, and also by interfa-
cial and electrochemical polymerization pathways. Polymers prepared were characterized by physical, spectral, and electrochemical
methods. Nanofibers (30-60 nm diameter) was obtained in the case of aqueous polymerization pathway, whereas interfacial (40—
60 nm) and electrochemical polymerization pathways show particulate (500-600 nm) morphology. Polymer samples were used as
electrode materials in supercapacitor. Among the four different pathways, PAT-AP nanofibers show higher capacitance of 614 F ¢~ ' at
1 mV s~ '. The values of specific capacitance, energy, and power densities of PAT-AP were found to be 400 F ¢~ ', 20 W h kg™ ' and
1200 W kg~ ', respectively, at a current density of 2 A g '. The retention capacitance is 78% after completion of 1000 cycles. © 2015
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INTRODUCTION

In recent years, a research interest has focused on energy storage
methods, among which supercapacitors have attracted much
attention, as they can achieve a wide range of energy and power
densities along with other desirable characteristics, for example,
rapid charging times, high cycling stability, and temperature sta-
bility. Thus, supercapacitors can be designed to address a wide
range of applications.'™

supercapacitors are broadly divided into two types, electric
double-layer capacitors (edlcs) and pseudocapacitors. EDLCs
store energy only at the interface, so limited capacitance is
achieved and suffers from low-energy density, which restricts
their use alone in many fields, where high-energy density is a
key requirement, whereas in case of pseudocapacitors, high
capacitance is achieved because of redox reactions involving
bulk of the material. Conducting polymers have shown poten-
tial applications in many areas, such as corrosion protection,
radars, batteries, sensors, electrochromic cells, photovoltaic cells,
etc.™ Among conducting polymers, polyaniline (PANI) has
received a great deal of attention due to its advantages, such as
their electroactivity, low density, high electrical conductivity,
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environmental stability, ease of preparation, and attractive
applications.

The synthesis of conducting polymers can be broadly classified
into two major categories: chemical and electrochemical meth-
ods. A major advantage of chemical polymerization compared
to that of electrochemical polymerization concerns the possibil-
ity of mass production at a reasonable cost. However, electro-
chemical polymerization gives pure polymer deposition on the
electrode surface. Among the chemical polymerization methods
aqueous
assisted soft template polymerization, and interfacial polymer-

such as conventional polymerization, surfactant-
ization pathways, template-assisted polymerization is known to
control the morphology of the samples, and in addition, it
results in the formation of polyaniline salt containing dual dop-
ants (acid dopant and long-chain surfactant group) with higher
yield and conductivity. Interfacial polymerization is a slow pro-

cess that in turn limits the secondary growth of the polymer.

Although conducting polymer-based supercapacitors have many
desired properties, still it requires extensive modifications to
reach the commercial market. Considerable attention has, there-
fore, been paid to the synthesis of various types of composite
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and copolymer materials. It was revealed that, compared with
homopolymers, the copolymers have higher stability and lower
conductivity.® One of the primary purposes of the present work
is to synthesize a copolymer that combines the useful properties
of homopolymers. Only very few reports are available in the
synthesis of copolymer of aniline with thiophene monomer.
Copolymerization of aniline with thiophene is generally being
carried out by electrochemical polymerization method. Bithio-
phene was used for copolymerization instead of thiophene;’
however, thiophene is more conventional. Talu et al. could syn-
thesize aniline and thiophene copolymers and composites in
acidic (HCIO4) medium on platinum electrode.'® Can et al.
also used acidified medium (HBF,) and obtained aniline/thio-
phene copolymer on platinum electrode.'"

In the present paper, polymerization of aniline and thiophene is
carried out in aqueous 1 M H,SO, by electrochemical and
chemical methods viz., aqueous and interfacial polymerization
pathways. The synthesized polymers were used as electrode
materials in symmetric supercapacitor in aqueous 1 M H,SO,
electrolyte. The performance of supercapacitor is evaluated by
cyclic voltammetry (CV), galvanostatic charge/discharge (CD),
and electrochemical impedance spectroscopy (EIS) measure-
ments. The capacitive properties, physical, electrical, and spec-
tral characteristics are also compared.

EXPERIMENTAL

Aniline (S. D. Fine Chemicals, India) was distilled under
reduced pressure. Ammonium persulfate (APS), sodium lauryl
sulfate (SLS), sulfuric acid (H,SO,) (Rankem, India), and thio-
phene (Sigma-Aldrich) were used as received. All the reactions
were carried out with distilled water and solvents were distilled
and used.

Aqueous Polymerization

Monomer solution was prepared by dissolving aniline (0.09 M)
and thiophene (0.03 M) in 50 mL of 1 M H,SO,. The oxidant
solution was prepared by dissolving ammonium persulfate
(0.12 M) in 50 mL of 1 M H,SO,. The oxidant solution was
mixed with a monomer solution at ambient atmosphere and
stirred for 24 h. Then, the reaction mixture was filtered, and
the residue was washed with an excess of distilled water and
acetone to remove the unreacted component and oligomers.
The resulting powder was dried in an oven at 50°C till a con-
stant weight.

For comparison, polyaniline was synthesized by following the
above procedure without use of thiophene and is designated as
PANI in this work.

Aqueous Polymerization in the Presence of Sodium Lauryl
Sulfate

Polymerization was carried out by the above aqueous polymer-
ization procedure by dissolving sodium lauryl sulfate (0.012 M)
along with monomers in the monomer solution.

Interfacial Polymerization

Aniline (0.09 M) and thiophene (0.03 M) were dissolved in
50 mL of chloroform, which is designated as the organic phase.
The oxidant solution was prepared by dissolving ammonium

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42013 (2 of 8)

Applied Polymer

SCIENCE

persulfate (0.12 M) in 50 mL of 1 M H,SO,, that is, aqueous
phase. Then, the two solutions were transferred into a beaker,
generating an interface between the organic phase and the aque-
ous phase. Polymerization was carried out at the interface under
static conditions for 24 h and ambient conditions. Then, reac-
tion mixture was filtered, and the residue was washed with an
excess of distilled water and acetone to remove the unreacted
component and oligomers. the resulting powder was dried in an
oven at 50°C till a constant weight.

Electrochemical Polymerization

Electrochemical polymerization was performed in a one com-
partment cell using a platinum foil as the counter electrode, a
saturated calomel electrode (SCE) as the reference electrode,
and a stainless steel foil as a working electrode. All potentials
were relative to the SCE. The electrolyte solution for electro-
chemical polymerization consisted of aniline (0.09 M) and thio-
phene (0.03 M) in 100 mL of 1 M H,SO, solution. The
deposition of polymer was carried out by the potentiodynamic
method in the voltage range of —0.2 to 0.8 V with a scan rate
of 50 mV s~ ' for 200 cycles. The obtained cyclic voltammogram
shows peaks similar to that of the reported polyaniline.'* The
obtained polymer is coated on stainless steel in powder form.

CHARACTERIZATION

Polymer samples were pressed into disks of 13 mm in diameter
and about 1.5 mm in thickness under a pressure of 120 kg
cm ™2 The resistances of the pressed pellets were measured by a
four probe method using a constant current source (6220) and
nanovoltmeter (2182 A) (Keithley, Cleveland, Ohio). Polymer
samples for Fourier transform infrared spectroscopy (FTIR)
analysis was mixed with KBr powder and compressed into pel-
lets, wherein the sample powder was evenly dispersed in KBr.
FTIR spectra were recorded with a gas chromatography-FTIR
spectrometer (model 670, Nicolet Nexus, Minnesota). X-ray dif-
fractogram profiles for the powders were obtained on a Bruker
AXS D8 advance X-ray diffractometer (Karlsruhe, Germany)
with Cu K, (41 =1.54 A) radiation (land continuous) at a scan
speed of 0.045 min~'. Powder samples were used by employing
a standard sample holder. The d-spacing was calculated from
the angular position 20 of the observed reflection peaks based
on the bragg’s formula (2dsinf = nl), where 1 is the wave-
length of X-ray beam and 0 is the diffraction angle. Morphology
studies of the polymer powder samples were carried out with
Hitachi S-4300 SE/N field emission scanning electron micro-
scope (FESEM) (Hitachi, Tokyo, Japan) operating at 20 kV. The
powder sample was sputtered on a carbon disc with the help of
double-sided adhesive tape. Transmission electron microscopy
(TEM) measurement was carried out with Hitachi S-5500
instrument operated at an accelerate voltage of 30 kV. The sam-
ple was prepared by casting sample dispersion on carbon-coated
copper grids (300 mesh) and allowed to dry at room tempera-
ture. Thermo gravimetric analysis (TGA) was performed with a
TGA Q500 Universal (TA Instruments, UK) at a heating rate of
10°C min~" under nitrogen atmosphere.

Electrochemical Analysis
The working electrodes were prepared by pressing the polymeric
sample (5 mg) on stainless steel mesh (316 grade) by the
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application of 120 kg cm™* of pressure without any additional

binder. The electrochemical performances of all the polymer
samples were investigated using two-electrode system cells with-
out a reference electrode. Two electrodes with identical sample
were separated by cotton cloth and assembled as supercapacitor.
Cyclic voltammetry and galvanostatic charge/discharge experi-
ments were performed with a WMPG1000 multichannel poten-
tiostat/galvanostat (WonATech, Gyeonggi-do, Korea). Cyclic
voltammograms (CV) were recorded from —0.2 to 0.6 V at var-
ious sweep rates and charge/discharge experiments were carried
out from 0.0 to 0.6 V at various current densities. Electrochemi-
cal impedance spectroscopy measurements were carried out
with IM6ex (zahner-Elektrik, Germany) by applying an AC volt-
age of 5 mV amplitude in the 40 kHz to 10 mHz frequency
range, at 0.6 and 0.8 V using three electrode cell configuration,
that is, polymer electrode as a working electrode, platinum foil
as a counter electrode, and calomel electrode as a reference elec-
trode. All electrochemical measurements were carried out at
ambient temperature and 1 M H,SO, was used as the electro-
lyte solution.

RESULTS AND DISCUSSION

In this work, aniline was chemically oxidized in the presence of
thiophene in sulfuric acid by ammonium persulfate via aqueous
(with and without the use of soft template) and interfacial poly-
merization pathways. Also, aniline was electrochemically oxi-
dized in the presence of thiophene in sulfuric acid by
potentiodynamic method. The properties of these materials are
discussed here in comparison with the homopolymer of polya-
niline salt prepared by chemical oxidation pathway. However,
polymerization of thiophene did not proceed in the chemical
oxidation pathway.

FTIR Studies

Figure 1 represents the fourier transform infrared spectra of
polymers synthesized by aqueous, aqueous-SLS, interfacial, and
electrochemical polymerization methods along with pure polya-
niline salt for comparison. The careful examination of all the
spectra [Figure 1(a—d)] reveals that all the polymer samples
have all the characteristic peaks of pure polyaniline salt [Figure
1(e)], that is, at 3420 cm™ ' (N—H stretching), 1565 cm” !
(C=C stretching, quinonoid ring), 1480 cm ™' (C=C stretching,
benzenoid ring), 1295 cm™' (C—N stretching, quinonoid ring),
1245 cm ™! (C=N stretching, benzenoid ring), 1105 cm™ ! (elec-
tronic vibrational band), and 800 cm ™' (1,4-disubstituted ben-
zene). In addition, a peak at ~750 cm ™' was observed due to
C—S bending,"> which indicates the presence of thiophene unit
in the polymer chain. In the case of FTIR spectrum of PAT-AP-
SLS, that is, the use of SLS in the polymerization reaction, show
peaks at 2925, 2850, 1650, and 1750 cm ! in addition to the
normal peaks of polyaniline. The sharp and intense peaks at
2925 and 2850 cm ! are due to C—H stretching vibration of
SLS' and a peak at 1650 cm ™' is due to the stretching of sulfo-
nate (S=O) group of SLS. This result indicates that the SLS is
doped onto the polymer chain in the form of dodecylhydrogen
sulfate (DHS) in PAT-AP-SLS. A peak at 1750 cm™ ' is due to
over oxidation and this result signpost that the use of SLS leads
to over oxidation of aniline to polyaniline salt.
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Figure 1. FTIR spectra of (a) PAT-AP, (b) PAT-AP -SLS, (c) PAT-IP, (d)
PAT-EP, and (e) PANIL

X-ray Diffraction Studies

X-ray diffractograms of polymer samples prepared by four dif-
ferent pathways along with pure polyaniline salt are shown in
Figure 2. PAT-AP [Figure 2(a)] prepared by aqueous polymer-
ization pathway shows peaks at 20 values of 20°, 25°, and 27°
corresponding to d-spacings of 3.5, 3.3, and 1.7 A, respectively,
and are similar to the X-ray diffraction pattern of polyaniline
salt [Figure 2(e)]."> The X-ray diffraction pattern of PAT-AP-
SLS [Figure 2(b)] prepared using SLS shows similar peaks of
PAT-AP with an additional sharp, intense peak at 20 value of
6.5° corresponding to a d-spacing of 13.5 A, this peak is gener-
ally observed due to the presence of long aliphatic chain. This
result indicates the presence of dodecyl hydrogen sulfate (DHS)
in PAT-AP-SLS. Moreover, PAT-AP-SLS shows higher crystallin-
ity when compared to that of PAT-AP. This degree of crystallin-
ity can be ascribed to increasing the content of PANI in the
obtained composites. Thus, increasing the amount of PANI
might be accompanied by increasing the molecular weight of
the PANI and the amount of doping anions (H,SO, and
DHS).'® X-ray diffraction pattern of sample prepared by interfa-
cial polymerization pathway (PAT-IP) shows less crystallinity
than that of PAT-AP with peaks at 260 values of 8.7°, 14.5°,
20.5°, and 25.5° corresponding to d-spacings of 12.2, 10.1, 4.3,
and 3.5 A, respectively [Figure 2(c)]. The crystalline nature is
further decreased in the case of PAT-EP (Figure 2d) with peaks
at 20 values of 12°, 20°, and 25° corresponding d-spacings are
7.3, 4.4, and 3.5 A, respectively. X-ray diffractogram of
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PAT-EP, and (e) PANL
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polymeric materials synthesized via different polymerization
pathways show different orders of crystallinity.

Morphology Studies

Morphological properties of the polymer samples prepared by
four different pathways along with pure polyaniline salt were
found out using FESEM and are shown in Figure 3. Nano fiber
morphology was observed for pure polyaniline salt [Figure
3(a)]. When thiophene is used in the polymerization reaction,
the nano fiber morphology of polyaniline salt is slightly changed
with diameters of ~30-60 nm [Figure 3(b)], and with the use
of SLS in the reaction, the diameter of polymers decreased to ~
20-50 nm [Figure 3(c)]. Fewer diameters with the use of SLS
might be expected because of enough nucleation sites available
for monomer before oxidation begins, whereas in the absence of
SLS, agglomeration of the polymer takes place which results in
nanofibers with higher diameter. However, PAT sample prepared
by interfacial polymerization pathway shows nano particle

Figure 3. FESEM pictures of (a) PANI, (b) PAT-AP, (c) PAT-AP-SLS, (d) PAT-IP, (e) PAT-EP, and (f) TEM picture of PAT-AP-SLS.

Mak\T%"’B WWW.MATERIALSVIEWS.COM
1

42013 (4 of 8)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42013



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
T T T T T T T T T Table I. Yield and Conductivity Values of PANI and PAT Samples
100 — -1
%0 _- _- Conductivity
é i i Method Yield (g) (Sem™)
"Eh 60 — a 1 PAT-AP 1.6 0.4
] p. 1 i PAT-AP-SLS 19 0.4
=77 ¢ ] PAT-IP 0.8 0.02
20 < e 4 PAT-EP? - -
1 1 PANI 1.5 1.3
0 1 L L) T L]
0 21I)0 4:}0 ﬁ'lm S(I)I] 1000 ?Less amount of powder was formed on the electrode surface, and

Temperature (°C)

Figure 4. Thermograms of (a) PAT-AP, (b) PAT-AP —SLS, (c) PAT-IP, (d)
PAT-EP, and (e) PANL

morphology with 40-60 nm size [Figure 3(d)] and the PAT
sample prepared by electrochemical polymerization pathway
also shows sphere like morphology with diameter of 500—
600 nm [Figure 3(e)]. In order to clearly find out the morpho-
logoy of PAT-AP-SLS, TEM for PAT-AP-SLS sample was
recorded [Figure 3(f)] and it supports the nano fibrous mor-
phology as observed from FESEM analysis [Figure 3(c)].

Thermal Analysis

Thermal behaviors of polymer samples were analyzed by ther-
mal gravimetric analysis (TGA) under nitrogen atmosphere, and
the thermograms were shown in Figure 4. The thermal degrada-
tion of polymers shows a three-step weight loss process, as can
be seen in Figure 4. The first weight loss at approximately
110°C is attributed to the loss of water molecules/moisture
present in the polymer and the weight loss from 190 to 230°C
results from the elimination of dopant anions from the polymer
matrix. In fact, a considerable amount of water content is essen-
tial for an electrode material as it is conducive for ionic trans-
portation in an electrolyte, thus enhancing electrochemical
performance.'”'® PAT-AP sample is stable up to 190°C, and the
stability increases with the use of sodium lauryl sulfate (210°C),
this is due to the increasing the molecular weight of the PANI
and the amount of doping anions (H,SO, and DHS). However,
the stability of the sample is higher in the case of the sample
prepared by interfacial polymerization pathway (230°C). Stabil-
ity of a sample prepared by electrochemical polymerization
pathway (180°C) is less compared to other samples. The third
weight loss, from approximately 400 to 600°C, corresponds to
the thermal decomposition of the PANI.

Yield and Conductivity Studies

Yield and conductivities of the polymers synthesized in this work
are reported in Table I. Yield is reported in grams because the
composition of the polymer cannot be determined from the pres-
ent study. The yield of polymer samples prepared by aqueous
polymerization pathway (PAT-AP) is 1.6 g (yield with respect to
the amount of aniline—1.75 g thiophene—0.5 g) and the yield
increased to 1.9 g with the use of SLS in the reaction. This result
indicates that SLS increases the doping efficiency of aniline by
doping dodecyl hydrogen sulfate (DHS) onto the polymer.'® The
doping of DHS in the polymer sample is also supported by FTIR
and XRD. However, the value of conductivity remains same for
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hence, pellet could not be made to measure the conductivity.

both PAT-AP and PAT-AP-SLS (0.4 S cm™"). This result suggests
that the addition of anionic surfactant SLS, does not show much
effect on the conductivity value. The yield in the case of interfa-
cial polymerization (PAT-IP) is less, that is, 0.8 g as expected
because polymerization occurs only at the interface, which is not
that much effective when compared to that of aqueous polymer-
ization pathway, wherein continuous mixing take place among
the reactants. Conductivity value of PAT-IP is 0.02 S cm ™. Yield
of the pure polyaniline-sulfate salt is found to be almost the same
with that of PAT-AP. However, conductivity (1.3 S cm™ ) is found
to be higher than that of PAT-AP (0.4 S cm™'). This result indi-
cates that the conjugation of polyaniline is affected by the addi-
tion of thiophene units.

Cyclic Voltammetry
Symmetric cells of polymer samples synthesized by four different
polymerization pathways were subjected to cyclic voltammetry
measurements. As a representative system, the cyclic voltammo-
grams (CV) of PAT-AP at different scan rates is shown in Figure
5. Voltammograms are almost rectangular with good symmetry,
showing a good capacitive behavior of the electrode materials. A
similar quasi-rectangular shape was maintained as the scan rate
was increased to 10 mV s~ ', proving the fast access of ions to the
surface of the nanofibers. The specific capacitance C; was calcu-
lated from CV using the following formula.*
2.

C =
v-m

(1)

Where, C, is specific capacitance, i is the average current from
anodic and cathodic curves, v is the scan rate, and m is the
mass of one electrode. The specific capacitance of PAT-AP, PAT-
AP-SLS, PAT-IP, and PAT-EP as a function of scan rate is shown
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Figure 5. Cyclic voltammograms of PAT-AP symmetric cell at different
sweep rates (a) 1, (b) 2, (¢) 5, and (d) 10 mV s L
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Figure 6. Specific capacitance of (a) PAT-AP, (b) PAT-AP-SLS, (c) PAT-IP,
and (d) PAT-EP as a function of scan rate.

in Figure 6. At different scan rates, in the reduction part, a
small shift to negative direction of potential is obtained due to
uneven current distribution vis-a-vis partial double-layer charg-
ing. From the figure, it can be observed that the capacitance
value decreases with increasing scan rate, and it can be because
of two reasons: (i) as the scan rate increases, the electric charge
might have the difficulty to occupy all the available sites at elec-
trode/electrolyte interface due to their limited range of migra-
tion and orientation in the electrolyte and (ii) due to internal
resistance of the supercapacitor.’’ Among the four different
pathways, PAT-AP nanofibers shows higher specific capacitance
(614 F ¢ ' at 1 mV s~ ') throughout all scan rates compared to
that of the other polymerization pathways, that is, PAT-AP-SLS
(486 F g '), PAT-IP (484 F ¢ '), and PAT-EP (312 F ¢ V).
Interfacial polymerization is a slow process that results in lower
yield and conductivity compared to that of the sample prepared
by aqueous polymerization pathway. Lower capacitance value of

Figure 7. Specific capacitance and columbic efficiency as a function of
cycle number for PAT-AP at 2 A ¢~ ' current density. (Inset: galvanostatic
charge—discharge curves of PAT-AP symmetric cell at 2 A g ' current den-
sity (a) Ist to 5th cycles and (b) 996th to 1000th cycles.)

PAT-IP is due to its lower conductivity. Use of SLS surfactant in
PAT-AP-SLS results in the formation of polyaniline salt contain-
ing sulfate and dodecylhydrogen sulfate dopants. The presence
of long-chain surfactant group reduces the movement of ions to
the electrode surface which in turn results in lower capacitance.

Since the PAT-AP sample showed higher specific capacitance
value from cyclic voltammetry studies, further studies are car-
ried for PAT-AP sample, that is, charge/discharge (cycle life)
and electrochemical impedance measurements.

Cycle Life

Cycle life is an important parameter for supercapacitor applica-
tions. Cyclic stability of PAT-AP electrode was evaluated by gal-
vanostatic charge/discharge (CD) behavior. CD measurement
was carried out at 2 A ¢ ' current density within the potential
window of 0.0 to 0.6 V for 1000 continuous cycles and the
charge—discharge curves were shown as an inset in Figure 7.
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Figure 8. Nyquist plots of PAT-AP in the frequency range of 40 kHz to 10 mHz at (a) 0.6 V and (c) 0.8 V. (Inset: corresponding bode plots and circuit

diagrams)
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The almost triangular shape of the curves reveals a fast and
reversible faradic reaction for charge storage.

The value of specific capacitance is calculated using the formula
Ci=(2-i-Ar)/(Av-m) where C, is the specific capacitance
from charge discharge, i is the current density, At is the dis-
charge time, Av is the voltage drop during the period of dis-
charge, and m is the mass of material in one electrode.”**’
Figure 7 represents the specific capacitance and columbic effi-
ciency as a function of cycle number. The specific capacitance
value decreases from 400 to 310 F ¢~ ' for the Ist and 1000th
cycles, respectively, at 2 A ¢~ '. The decrease in capacitance value
with the number of cycles is due to doping and dedoping of
H™ into or from the polymer chains during charge and dis-
charge cycles, which results in swelling and shrinkage of poly-
meric material. However, columbic efficiency is almost remains
constant (100-98%) up to 1000 cycles. The energy and power
densities at 2 A g ' is found to be 20 W h kg™, and 1200 W
kg™ ', respectively.

Electrochemical Impedance Spectroscopy

Generally, polyaniline exhibits good behavior between the
applied voltages of 0.6 and 0.8 V. Hence, EIS measurements
were carried out for PAT-AP electrode in the frequency range
from 40 kHz-10 mHz at two different voltages of 0.6 and 0.8 V
and the corresponding nyquist and bode plots are shown in Fig-
ure 8. A single depressed semicircle in the high-frequency
region and a straight line in the low-frequency region were
observed. The high-frequency intercept on the real axis gives
the solution resistance (R,) of the materials, and the diameter of
the semicircle provides the charge transfer resistance (R.). R,
values of the PAT-AP sample carried out at 0.6 and 0.8 V is
same (0.8 Q). R, value decreased as 5.3 to 4.1 Q as applied
voltage increased, that is, from 0.6 to 0.8 V. Double-layer capac-
itance (Cg) was calculated from the semicircle and are found to
be 0.15 and 0.17 mF, respectively. Time constant (t) was calcu-
lated from the maximum of the semicircle and found to be 0.48
ms at both 0.6 and 0.8 V. Lower time constant is the property
of fast charge-discharge process.'** The tilted straight line at
low frequencies has long been known for electrodes with inho-
mogeneity, porosity and/or other nonidealities.”>*® The specific
capacitance was calculated in the low-frequency region at 10
mHz and found to be 267 and 240 F ¢ ' at 0.6 and 0.8 V,
respectively.

The phase angle of the PAT-AP system was obtained from the
bode plot, the phase angle (@) of an ideal capacitor is “—90°.”
The phase angle obtained when the applied potential of 0.6 and
0.8 Vare —45° and —65°, respectively (Figure 8).

Equivalent circuit was obtained directly from the instrument
after the simulation of experimental data using Zman software
supplied with the electrochemical workstation and shown as an
inset in Figure 8. The circuit consists of bulk solution resistance
(R,), charge transfer resistance (R), constant phase elements
(CPE, and CPE,) resistors (R;, R,, and R;) and capacitor (C).

CONCLUSIONS

Polyaniline was synthesized via aqueous, interfacial, and electro-
chemical polymerization pathways in the presence of thiophene.
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Nanofiber was obtained in the case of aqueous polymerization
pathway, whereas interfacial and electrochemical polymerization
pathways showed sphere like particle morphology. Different
crystallinity was observed for different polymerization pathways.
Polymer samples were used as electrode materials in supercapa-
citor performance. Among the different polymerization path-
ways polymer sample synthesized by aqueous polymerization
pathway shows better supercapacitor performance. PAT-AP
shows a specific capacitance of 400 F ¢! with energy density of
20 W h kg™" and 1200 W kg~ ' power density. Even after com-
pletion of 1000 cycles 78% of capacitance was retained with a
columbic efficiency of 99-100%.
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