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Polythiophene (PTh) nanoparticles was synthesized by cationic surfactant assisted dilute
polymerization method using FeCls as oxidant to use as electrode material for high performances
redox supercapacitors. The physical characterizations of the synthesized PTh nanoparticles were
studied by FT-IR and UV-Visible spectroscopy, XRD, SEM and electrical conductivity studies. The
synthesized PTh nanoparticles were used for the first time to fabricate symmetric type redox
supercapacitor and its capacitor performances were studied by cyclic voltammetry, impedance
spectroscopy and charge-discharge studies. The specific capacitance of the capacitor was found to be
134 Fg’l. The energy and power densities were calculated as 8 thg'1 and 396 Wkg'l, respectively. It
was found that the PTh obtained by cationic surfactant assisted dilute polymerization method had
better capacitor performances than the same obtained by the conventional chemical and
electrochemical polymerization methods.
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1. INTRODUCTION

Supercapacitors or electrochemical capacitors have gained a great attention in recent years
because of their potential applications ranging from cellular phones to electric vehicles. The possibility
to use these systems to power hybrid electric vehicles (HEVs), camera flash bulbs, pulsed lasers, or
any other device that requires a large amount of charge delivered in a very short time could be realized
with supercapacitors [1].

The electrode materials used for electrochemical capacitor applications include carbon and
carbon nanotubes [2], metal oxides [3], and conducting polymers [4]. But the redox supercapacitors are
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constructed by metal oxides and conducting polymers are the promising electrode materials. Among
these two electrode materials, conducting polymers are widely studied for redox supercapacitors. They
are generally offer three important properties: (i) high specific capacitance, due to the involvement of
whole polymer mass in the charging process; (ii) high conductivity in the doped state and (iii) fast
charge/discharge electron-transfer kinetics. Based on these properties, to date many researchers have
been involved for the development of supercapacitors using conducting polymers based electrode
materials, such as polyaniline (PANI), polypyrrole (PPy) and polythiophene (PTh), etc [5-10]. Among
these conducting polymers, polythiophene has been much interested due to its environmental stability,
high electrical conductivity, and its applications [11, 12]. The stability of PTh in the oxidized form, its
high conductivity and an interesting electrochemical behavior allow this material to use as electrode
materials for electrochemical supercapacitors.

Depending on the characteristics of starting monomer, different preparative methodologies
have been adopted to obtain the polymeric materials. They are classified into two major methods, such
as electrochemical and chemical polymerization methods. The chemical oxidative polymerization is
more applicable than electrochemical method for the preparation of bulk electrode materials with
controllable sizes. The materials in nano-size have high surface area with uniform porosity gives
better supercapacitor performances [13-15].

Hence, in the present investigation, polythiophene nanoparticles was prepared by cationic
surfactant assisted dilute polymerization method and used for the first time to use as electrode material
for symmetric type redox supercapacitors. The synthesized PTh nanoparticles were characterized by
FT-IR, UV-Visible spectroscopy, XRD, SEM and electrical conductivity studies. The symmetric type
redox supercapacitor was fabricated and its capacitor performances were studied by cyclic
voltammetry, impedance and charge-discharge studies. Finally, the PTh nanoparticles obtained by
cationic surfactant assisted dilute polymerization method was compared with the same obtained by the
conventional chemical and electrochemical polymerization methods.

2. EXPERIMENTAL PART

2.1. Materials

Reagent grade thiophene (Merk), ferric chloride (CDH), N-cetyl-N,N,N-trimethylammonium
bromide (Aldrich), multi walled carbon nanotubes (MWCNTSs) (Aldrich), poly(vinylidenefluoride)
(Aldrich), lithium hexaflourophosphate (CDH), poly(vinylidenefluoride-co-hexaflouropropylene)
(Aldrich), ethylene carbonate (Alfa-Aesar) and propylene carbonate (Alfa-Aesar) were used as

received.

2.2. Preparation of polythiophene nanoparticles

The PTh nanoparticles was synthesized by cationic surfactant assisted dilute polymerization
method. The synthesis procedure is as follows; thiophene monomer (1.0 g) and 0.0034 mol of
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surfactant (CTAB) were dissolved in 30 ml of distilled water by constant stirring for 15 min. The
oxidant, such as 0.055 mol of FeCls solution was added dropwise to the monomer-surfactant solution
under stirred condition [16]. The preliminary polymerization process was identified by the colour
change (brown) of the reaction mixture. The polymerization process was allowed to constant stirring
for 24 h at 30 °C. The dark-brown precipitate of polythiophene was collected by filtration of the
reaction mixture using methanol and distilled water until colourless filtrate was obtained. The obtained
PTh nanopowder was dried in a vacuum oven at 80 °C for 6 h. The flow chart and reaction scheme for
the preparation of polythiophene are shown as Figure 1. (a & b).

2.3. Preparation of composite electrodes

The composite electrodes were prepared by mixing of active material, conducting additive and
binder material. The PTh nanoparticles was used as major electrode material (85 wt%), multi walled
carbon nanotubes (10 wt%) as conducting material and poly(vinylidenefluoride) (5 wt%) used as
binder were mixed well using N-methylpyrrolidone solvent and made into a slurry. The polymer slurry
was coated about 1x1 cm® area on 5x1 cm” stainless steel foil current collector. The electrode was
dried in vacuum oven at 80 °C for 12 h [17].
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Washed with detonised water and
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Figure 1(a). Flow chart of the synthesis of polythiophene nanoparticles.
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Figure 1(b). Scheme of the reaction for the polythiophene nanoparticles synthesis.

2.4. Preparation of microporous polymer electrolyte membrane

The appropriate amount of PVdF-co-HFP polymer was dissolved in dimethyl formamide
(DMF) solvent. To this 20 wt % of fumed silica was dispersed and made into uniform viscous solution
by stirring. This viscous solution was poured on a glass plate and uniformly spread with the thickness
of 50 = 5 um by means of a doctor blade. This film was dried in a dust-free atmosphere at room
temperature for 6 h. The dried film was immersed in hydrofluoric acid to dissolve the silica (filler) to
get microporous polymer film. Further drying was performed in a vacuum oven at 80 °C for 12 h. This
microporous polymer film was then socked in 1M-LiPFg containing 1:1 v/v EC/PC electrolyte solution
for about 24 h. The obtained microporous polymer electrolyte membrane was used to construct the
symmetric type redox supercapacitor.

2.5. Unit cell fabrication

The structure of all-solid supercapacitor using PTh and PVdF-co-HFP based microporous
polymer electrolyte is shown as Figure 2. Each active electrode area was maintained as 1x1 cm? for the
fabrication of a unit cell. The area of electrolyte membrane was twice the area of electrode was
sandwiched in between the electrodes and then tightened well using teflon sheets with screws. This
minimized the ohmic resistance and established a good contact between the electrodes and the polymer
electrolyte membrane. This polymer electrolyte membrane acts both as a separator as well as
electrolyte.

Stainless steel
current collector

" Teflon sheets

+ve electrode

> Gel polymer electrolyte
-ve electrode

Stainless steel
current collector

Figure 2. Unit cell assembly of all solid supercapacitor.
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2.6. Characterization

The synthesized PTh nanopowder was analyzed by Perkin Elmer- FT-IR spectroscopy (Model-
1600). Absorption spectrum of the PTh sample was recorded at ambient temperature by Shimadzu-
UV-Visible spectroscopy (Model-2401 PC). X-ray diffraction study was carried out by JEOL X-ray
diffractometer (Model- JDX 8030) using nickel-filtered Cu-K, radiation of wavelength 1.54 A and
continuous scan speed of 0.045° min™ for knowing the phase purity and crystallinity nature of the
polymer. The SEM analysis was carried out by JEOL (Model- 840A) scanning electron microscope for
knowing the particle nature and size of the polymer powder.

Electrical conductivity of the synthesized polymer was measured by means of four probe
technique. The PTh pellet was obtained by pressing the polymer sample into disk of 16 mm diameter
and ca. 2 mm thickness under a pressure of 400 MPa. Conductivity was calculated based on the
average of at least three pairs of consistent readings at different points on the pressed pellet. All the
measurements were done in air at 30 °C and converted into conductivity from the following equation;

o(S/cm)=1/Rx(l/A) (1)

where o is the electrical conductivity, A is the area of the pellet, 1 is the thickness of the pellet and R is
the bulk resistance.

The capacitor performances were characterized by means of cyclic voltammetry (CV),
impedance measurements and galvanostatic charge-discharge studies. The cyclic voltammetry studies
were carried out by Bio analytical system (BAS-100W) at the scan rates of 5, 10, 25, 50 and 100 mVs!
and the impedance analysis was carried out by EG & G Electrochemical analyzer in the frequency
range of 100 kHz to 10 mHz. The charge-discharge performance of the capacitor was studied
galvanostatically at constant current density of 1 mAcm” by WonATech cycler tester.

3. RESULTS AND DISCUSSION

The FTIR spectrum of polythiophene is shown as Figure 3. The spectrum showed the (C-H)
stretching vibration band at 2923 em’™; (C=C) stretching band at 1458-1596 em’; (C-H) in plane
bending band at 1113 cm™ and (C-S) bending band at 749 cm™. The doping induced band at 1021 cm’!
was originating from the changes in the conjugated backbone due to the electron withdrawing and
electron donating dopants on the polymer chain and the counter ion balancing appeared at 1113, 1309
and 1458 cm™' [18,19]. The large descending base line in the spectral region of 4000-2000 cm” was
attributed due to free—electron conduction in the doped polymer. This type of behaviour was not
observed in undoped polymer [20]. The increasing conjugation shifted the absorption frequencies of
the polymer. These results are supported to the polymerization.
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Figure 3. FTIR spectrum of polythiophene nanoparticles.

The UV-Visible spectrum of polythiophene was recorded after dissolving it in dimethyl
sulphoxide (DMSO), is shown in Figure 4. The main charge carriers in polythiophene were polarons
and bipolarons [21]. A new broad absorption band related to bipolaron states appeared around 730-890
nm. The absorption bands were obtained approximately at 306 and 377 nm. The band at 306 nm was
associated with m-n* inter band transition and band 377 nm was associated with n-m* transition.
Increasing the degree of polymer resulted in a blue shift of Amax, confirmed a shorter conjugation length
of the polymer [22].
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Figure 4. UV-Visible spectrum of polythiophene nanoparticles.

X-ray diffraction study was used to find out the crystalline nature of PTh nanoparticles (Figure
5.). There was a partially crystalline broad peak centered at near 20 value of 22.2°. The strong
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diffraction peak associated with the chain—to-chain stacking distance of about 260 = 22.2° is due to the
amorphously packed polythiophene main chain [23, 24].

The SEM image of polythiophene nanopowder is shown as Figure 6. The image seems to be
uniform microporous on the surface and the particles were in nanometer scale. The average particle
size of polythiophene was found to be in the range of ~ 25 - 45 nm. This is more useful to electrolyte
penetration for charge-discharge process of redox supercapacitor. The electrical conductivity of the
pressed polymer pellet was examined by four probe conductivity method, and it was found to be 0.67
Scm™. This value is higher than the same obtained by electrochemical method [25].

The redox supercapacitor was constructed by polythiophene nanoparticles based symmetric
electrodes with PVdF-co-HFP based microporous polymer electrolyte containing 1M LiPFs in EC/PC
(1:1 v/v). The scanning was performed in the voltage range of —1.0 to +1.0 V at various scan rates of 5,
10, 25, 50 and 100 mVs™ for the capacitor cell (Figure 7). The specific capacitance of the capacitor cell
was calculated at the scan rates of 5, 10, 25, 50 and 100 mVs™' and they were approximately 134, 93,
54, 39 and 28 Fg'l, respectively. The rectangular form of the voltammogram in which current quickly
reached
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Figure 5. X-ray diffractogram of PTh nanoparticles.
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Figure 6. SEM photograph of PTh nanoparticles.
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a true horizontal value after the reversal of voltage sweep was seen, if the electrode/electrolyte
interface forming the double layer was homogeneous and ideally polarizable. There was an enhanced
delay of current to reach a horizontal value, due to the enhancement of distributed capacitance effect in
porous electrodes upon increasing the voltage sweep rate. The ohmic resistance in the electrolyte along
the axial direction of the micropores of electrode had the effect to charge or discharge faster. Lowering
of current would reduce the potential difference resulting from the ohmic resistance between the
surface and bottom of the micropores. The potential difference intensified the lag of charge or
discharge at the bottom of the micropores and thus enhanced the delay of current to reach a horizontal
value in the voltammogram. To investigate the cyclic stability of the system, cyclings (1000 cycles)
were carried out at the scan rate of 50 mVs™ are shown as Figure 8. The decaying of current was
observed in minimum between 5" and 1000 cycles. This ensures the small capacitance fading of the
electrode material and hence the stability of the electrode material was almost moderate.
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Figure 7. Cyclic voltammograms of PTh / PVdF-co-HFP-1M LiPF¢ in EC & PC (1:1 v/v) / PTh at the
sweep rates of a) 5 mVs™ b) 10 mVs™" c) 25 mVs™ d) 50 mVs" and e) 100 mVs™.
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Figure 8. Cyclic voltammograms of PTh / PVdF-co-HFP-1M LiPFs in EC & PC (1:1v/v) / PTh at the
sweep rate of 50 mVs™ in 5™ and 1000™ cycles.
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The specific capacitance decreased significantly with increasing scan rate upto 50 mV/s (Figure
9.) is due to the resistance of the system. This caused a delay in time to discharge the capacitor [18].
The exact time required to discharge the capacitor depended on the resistance (R) and the capacitance
(C) in the discharging system. Above 50 mVs™', the decreasing of specific discharge capacitance was
not so pronounced. The porous structure on the composite allowed a higher swelling of PTh by the
electrolyte solution and the formation of parallel ionic and electronic conduction paths. This
phenomenon also contributed to maintain the capacitive nature of the composite, despite the increase
in scan rate. The charging currents for both the anode (I,) and cathode (I.) increased with scan rate.
The difference between I, and I. at current plateaus of the cyclic voltammogram was designed as
charging current (Al=I,-I) and it was plotted against scan rate (Figure 10.). The capacitance and
faradaic current were obtained from the slope and intercept of the graph between Al vs scan rate and
they were 23 mF and 0.62 mA, respectively.
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Figure 9. Specific capacitance as a function of scan rate for PTh / PVdF-co-HFP-1M LiPFs in EC &

PC (1:1 v/v) / PTh supercapacitor.
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Figure 10. Capacitive current as a function of scan rates for PTh / PVdF-co-HFP-1M LiPFs in EC &
PC (1:1 v/v) / PTh supercapacitor.
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In the Nyquist impedance plot, the imaginary part of impedance was plotted as a function of the
real component in the frequency range from 10 mHz to 100 kHz. The impedance plot of polythiophene
based symmetric redox supercapacitor with PVdF-co-HFP based microporous polymer electrolyte
containing 1M LiPFs in EC/PC (1:1 v/v) electrolyte is shown as Figure 11. The small semicircle at
high frequency might be due to diffusion effect of the electrolyte in the electrodes [26-28]. The high
frequency impedance associated with the bulk electrolyte resistance and this value was 19 Q and the
mid frequency of spectrum revealed the electrode/electrolyte interface processes. The charged state of
impedance response showed the interface affected state, which was caused by diffusion problems
indicated by the increase in the internal resistance. The non-vertical slope of the impedance plot at low
frequency of electrochemical capacitor was due to: 1) the microporosity and redox properties of
polythiophene; 2) the low mobility of the ions inside the electrode or the combination of both. The
decrease in charge transfer resistance with increasing double layer capacitance confirmed that the
redox capacitor using PVdF-co-HFP based microporous polymer electrolyte had good cycle life and
low self discharge time (time constant). The charge transfer resistance of the cell was found to be 2.2
Q and the specific capacitance was calculated from the impedance spectrum at 10 mHz and it was 124
Fg'l.
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Figure 11. Impedance spectrum of PTh / PVdF-co-HFP-1M LiPFs in EC & PC (1:1 v/v) /PTh
supercapacitor.

Galvanostatic charge-discharge experiment was performed to PTh based symmetric redox
supercapacitor. The PVdF-co-HFP based microporous polymer electrolyte containing 1M LiPF¢ in
EC/PC (1:1 v/v) acts as electrolyte and separator for the fabrication of capacitor. The charge/discharge
process was carried out at a constant current density of 1 mAcm” upto 2.0 V of potential limit. In the
charge/discharge profile (Figure 12.), the charging curves were not exact symmetrical to the
discharging curves. This implied that PTh electrode had small lacking of electrochemical reversibility
and capacitive characteristics. During the experiments, the amount of charges stored in the capacitor
was determined by integrating the current during charge and discharge time. At low discharge potential
response of the capacitor, approached an ideal linear charge voltage relationship. At higher values of
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potential, the total impedance of the cell gave rise to an initial ohmic drop of the discharge voltage
which remained till constant capacitive performances were achieved. However, the initial decrease in
capacitance was related to the irreversible charge compensation in faradaic reaction associated with the
oxidation/reduction of PTh. The initial sharp change in potential with time, during charging and
discharging process was due to the ohmic loss which arose from the internal resistance of the cell. The
pseudocapacitance displayed a typical charge/discharge performance with small discharge capacitance
at the working voltage of 2.0 V. The power density was evaluated by dividing the energy density by
discharge time [29]. To avoid IR drop effect in the discharge capacitance, the slope was calculated
after the IR drop portion of discharge curve. The capacitance obtained from AC impedance
measurements was lower than charge-discharge measurements, as it was measured at zero potential of
charge and the potential amplitude was also very small (5-10 mV). This is mainly due to the diffusion
of ions in the microporous polymer electrolyte. The values of the discharge capacitance (C,) and
internal resistance (R;) of the capacitor were found to be 130 Fg'1 and 10.2 Q cm?, respectively. The
values of energy and power densities of the capacitors were found to be 8 thg'1 and 396 Wkg'l,
respectively. In these curves after initial drop in capacity over the first 500 cycles, there was a slow
deterioration in the performance during the cycle period and over 1000 of continuous cycles. The
device provided up to 94 % of the initial capacitance after 1000 cycles (Figure 13.). The coulombic
efficiency is the ratio of charging time to the discharging time. This important parameter was
associated with charge/discharge behaviour of the supercapacitors. The coulombic efficiency and the
internal resistance as the function of the cycle number are shown as Figure 14. The internal resistance
increased with cycle number and the coulombic efficiency was found to be 94 %. From the above
studies, it was found that the PTh nanoparticles obtained by cationic surfactant assisted dilute
polymerization method had better capacitor performances than the same obtained by conventional
chemical and electrochemical polymerization methods [10, 30].
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Figure 12. Charge and discharge curves of PTh / PVdF-co-HFP-1M LiPFs in EC & PC (1:1 v/v) / PTh
supercapacitor at the current density of ImAcm™.
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Figure 13. Discharge capacitance as a function of cycle number for PTh / PVdF-co-HFP- 1M LiPFg in
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Figure 14. Columbic efficiency and internal resistance as a function of cycle number for PTh / PVdF-
co-HFP-1M LiPFs in EC & PC (1:1 v/v) / PTh supercapacitor.

4. CONCLUSIONS

Polythiophene nanoparticles was synthesized by cationic surfactant assisted dilute
polymerization method. The polymer nanoparticles was used as electrode materials for symmetric type
high performance redox supercapacitor studies with PVdF-co-HFP based microporous polymer
electrolyte containing 1M LiPFg in 1:1 EC/PC electrolyte. Its specific capacitance was found to be 134
Fg'l. This capacitance was decreased slowly on continuous cycling, due to both polymer degradation
and mechanical stress on the polythiophene. The overall capacitor performances were found to be
good, so that the surfactant assisted dilute polymerization method is the easiest and more convenient
method for the synthesis of polythiophene nanoparticles for high performance supercapacitor
applications.
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