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7.1 Introduction 

 Establishing new supercapacitor electrode materials is an active area of research 

for developing energy storage devices.1-4 Unlike conventional dielectric capacitors, 

supercapacitors exhibit sound energy density output, a better life cycle, and good 

energy storage capability. Supercapacitors have widespread applications in electric 

vehicles, pulse power systems, portable power systems and in renewable energy 

devices.5,6 Therefore, developing efficient supercapacitor materials would provide a 

sustainable storage platform for clean energy production, energy storage, and energy 

backup systems. High power density, environmental stability, simple operational 

mechanism, and recyclability are the significant demands for suitable electrode 

materials in supercapacitor devices.5-8 

 

Figure 7.1. Schematic representations of three types of capacitance based on energy 

storage mechanism: electrical double layer capacitance (a), reversible faradaic 

capacitance (b), and reversible intercalation and exfoliation capacitance (c). 

 Based on the energy storage mechanism, generally, super capacitance can be 

classified into three types; electrical double-layer capacitance (EDLC), faradaic 

capacitance, and intercalation and exfoliation capacitance (see Figure 7.1.).9-10 

Selection of supercapacitor electrode material is an important criterion for generating 

robust, sustainable, and durable devices. Carbonaceous materials such as carbon 
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nanotubes, graphene, graphite, activated carbon, etc. can act as energy storage materials 

with an electric double-layer mechanism. Carbon nanotubes are distinguishable with 

their nano or sub-nanometer pores on their one-dimensional nanotubular surface, which 

is reasonable for accumulating charges as an electrochemical double-layer 

assortment.10-13 Metal oxides, metal hydroxides, and conducting polymers exhibit 

pseudocapacitive (sequence of faradaic, intercalation, and electrosorption processes) 

behaviour when used as electrode materials in capacitor applications.10,12,14-16 Among 

these pseudocapacitive materials, conducting polymers are attractive for fabricating 

lightweight, flexible, less toxic, metal-free power storage and delivery systems.12,14 

 

Figure 7.2. Literature reports of functionalized conducting polymer-carbon nanotube 

nanocomposites: (A) SWCNT-Pyrene+-polythiophene nanocomposite (adapted from 

Rahman et al. 2005), (B) polythiophene-graft-poly(methyl methacrylate) (PMMA) as 

compatibilizer, for poly(styrene-co-acrylonitrile)/ MWCNT nanocomposites (adapted 

from Kim et al. 2005) (C) Single-Stranded DNA-Single-Walled Carbon Nanotube 

Hybrid (adapted from Ghosh et al. 2005) and (D) conducting polyfluorene copolymer-

Wrapped Carbon Nanotubes (adapted from Berger et al. 2005).  

 Polythiophene is an efficient conducting polymer, which is highly desirable for 

capacitor functions due to its good energy storage capability, electrochemical and 

environmental stability.17-19 Enhancement in charge capacity was observed for ultrathin 
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polythiophenes films as it conserves the large surface area and pore space.20 Combining 

electric double-layer capacitive materials with pseudocapacitive polythiophene would 

be advantageous for high power density and processability.6,21 Systematic studies on 

enhancement in capacitive behavior have not much been explored in literature with 

solid evidence. Supercapacitor electrodes incorporated with conducting polymer may 

have some obstacles due to poor solubility, lack of surface wettability with electrolyte, 

and also insufficient conformal coating on other materials.19,22 Polythiophene 

derivatives would be more advantageous than unsubstituted polythiophene chains, for 

attaining solubility in common solvents and to enhance processability. The drawback 

of substituted polythiophenes instead of unsubstituted polythiophene was that their 

electrical conductivity and thermal stability might decrease on derivatization. The loss 

of conductivity and thermal stability can be maintained or enhanced by merging the 

conducting polymer with other suitable matrices to obtain heterostructural materials 

such as blends, nanocomposites, nanohybrids, etc.16,18,23,24 Some of the literature reports 

of functionalized conducting polymer-carbon nanotube nanocomposites that exhibited 

superior behaviour than individual components in terms of structure as well as 

properties is shown in Figure 7.2.25-28 

 

Figure 7.3. EDC-coupled 3-thiophene ethanol monomer to functionalized MWCNT and 

subsequent in-situ polymerization to prepare nanocomposites(adapted from Harel et 

al. 2013). 

 The formation of conducting polythiophene nanocomposites with carbon 

nanotube would be highly promising as supercapacitor electrode materials as it merges 

electrical double-layer capacitance characteristics of carbon nanotubes with the 
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pseudocapacitive behavior of polythiophene.29,30 Generally, the preparation of 

conducting polymer carbon nanotubes nanocomposites can be carried out by three 

methods; (i) in-situ polymerization of thiophene/functionalized thiophene monomer in 

the presence of CNT matrix, (ii) solution blending (ex-situ route) and (iii) melt mixing 

(ex-situ route).31-36 In-situ polymerization is more suitable for incorporating insoluble 

conducting polymers into nanocomposites.33 On the other hand, solution blending is 

the strategy for handling soluble forms of conducting polymers toward nanocomposite 

formation. Soluble forms of conducting polymers attract excellent research interest in 

nanocomposites formation as the solution blending strategy helps to adopt scalable 

synthetic procedures with conformally aligned polymer-CNT matrix in 

nanocomposites.19,35 Soluble forms of polythiophenes are usually produced by 

choosing functionalized monomer of thiophene and modifying it into appropriate 

derivatives.37 The functionalized monomer 3-thiophene ethanol is a desirable thiophene 

monomer as the ethanolic group could easily accomplish further reactions with reagents 

or modify to non-covalent forces.38-40 There are many reports on the covalent 

modification of 3-thiophene ethanol for solubility enhancement.38,39 Harel et al. 

reported in-situ polymerization of 3-thiophene ethanol monomer to prepare 

nanocomposite with carboxylic acid functionalized carbon nanotube by directly 

coupling monomer on CNT surface, without adopting any further modification to the 

monomer (see Figure 7.3.).41   

 In this chapter, we have put forward a facile, simple, and scalable synthetic 

procedure for poly(3-thiophene ethanol)- functionalized multiwalled carbon nanotube 

nanocomposites preparation. Poly(3-thiophene ethanol) was initially formed by 

polymerization of 3-thiophene ethanol monomer using ferric chloride as the oxidant in 

the presence of AOT surfactant in a chloroform medium. The obtained polymer was 

then transferred to poly(3-thiophene ethanol)-CTAB complex, which was a soluble 

complex. Poly(3-thiophene ethanol)-multiwalled carbon nanotubes nanocomposites 

were prepared by solution blending method of the polymer-CTAB complex with 

dispersed state of MWCNT-COOH. Polymerization was characterized by FT-IR and 

MALDI-TOF analysis. Poly(3-thiophene ethanol)-CTAB complex formation was 

studied with fourier transform infrared spectroscopy and matrix-assisted laser 

desorption/ionization. Other instrumental analyses such as UV-vis spectroscopy, 

powder X-ray diffraction, surface morphology, electrical conductivity, and thermal 
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stability have also been carried out for polymer and polymer-MWCNT-COOH 

nanocomposites. Capacitance studies of nanocomposites were conducted using cyclic 

voltammetry and galvanostatic charge-discharge analyses. 

7.2.  Experimental 

7.2.1.   Materials and reagents used: 3-Thiophene ethanol, multiwalled carbon 

nanotubes (MWCNT), AOT, and ferric chloride were purchased from Sigma Aldrich. 

Cetyl trimethyl ammonium bromide, sodium hydroxide, nitric acid, chloroform, diethyl 

ether, acetone and deionized water were purchased from Merck chemicals. 

7.2.2.   Measurements and instruments: Fourier transform-infrared spectra of the 

samples were recorded by Shimadzu IR Affinity 1 spectrometer using the KBr pellet 

method. UV-vis spectra of the samples were recorded by Shimadzu UV-Visible 

spectrophotometer, UV 1800 series, in the range 200-800 nm with HPLC grade 

chloroform and ethanol. The powder wide-angle X-ray diffraction of the samples was 

measured using PANALYTICAL, Aeris research with 2θ values ranging from 10 to 

80°. FE-SEM images were recorded by ZEISS ƩIGMATM field emission scanning 

electron microscope (FE-SEM). MALDI-TOF analysis was conducted with Bruker 

Autoflex max LRF MALDI-TOF mass spectrometer. Thermogravimetric analysis 

(TGA) of the samples was measured using Perkin Elmer, Diamond TG/DTA in an inert 

atmosphere of nitrogen at a heating rate of 20°C/min. The four probe electrical 

conductivity of the samples was measured using DFP-RM-200 with constant current 

source Model CCS-01 and DC microvoltmeter. Electrochemical studies were carried 

out with BioLogic VSP electrochemical workstation unit. 

7.2.3 Synthesis of PTE: Monomer (3-thiophene ethanol) (0.5 mL, 4.68 mmol) and 

surfactant AOT (0.22 g, 0.19 mmol) was dissolved in chloroform (10 mL) and sonicated 

for 5 min. A dispersed form of FeCl3 (1.06 g, 6.55 mmol) in 5 mL chloroform was 

added drop by drop to the AOT-thiophene micellar complex mixture and sonicated for 

15 min. Subsequently, the reaction mixture was magnetically stirred for 3 h. The 

polymer thus obtained was filtered and washed using water and acetone. The polymer 

was then dried in a vacuum oven at 60°C for 3h. Yield: 0.110 g. 

7.2.4 Preparation of PTE-CTAB complex: PTE (10 mg) was added into 10 mL 

dimethyl sulfoxide (DMSO) and taken in a 50 mL RB flask. The mixture was sonicated 
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for 5 min. Sodium hydroxide (0.0032 g, 0.0792 mmol) was added and magnetically 

stirred for 5 min. CTAB (0.0289 g, 0.0792 mmol) was then added to the mixture and 

magnetically stirred for 5 days.  

7.2.5 Preparation of PTECNT COOH-10: MWCNT-COOH (0.010 g) dispersed in 

DMSO (5 mL) was added to the prepared PTE-CTAB complex mixture and sonicated 

for 15 min. This was then magnetically stirred for 1 h. Double distilled water (100 mL) 

was then added to it and the resultant product was allowed to precipitate. The powder 

obtained was then filtered and washed with water. This was then dried in vacuum oven 

at 80⁰C for 3 h. Yield: 0.016 g. 

 PTECNT-COOH 15 and PTECNT-COOH 20 were prepared by changing the 

amount of MWCNT-COOH added as 15 mg and 20 mg respectively using same 

procedure (see Table 7.1.).  

7.2.6. Electrochemical characterization: Electrochemical measurements were 

carried out via PTE, MWCNT-COOH and PTECNT-COOH nanocomposites coated on 

glassy carbon electrode as working electrode, platinum electrode as counter electrode 

and Ag/AgCl electrode as reference electrode, respectively. Samples were dispersed in 

ethanol solvent and drop cast into the working electrode without adding any additives 

or binders. The drop casted samples were dried with air blower. The film coating thus 

formed was subjected to electrochemical analyses such as cyclic voltammetry and 

galvanostatic charge-discharge analysis. Cyclic voltammograms were recorded in 

different scan rates (10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s and 200 mV/s) and using 

different electrolytes (1M HCl, 1M H2SO4, 1M KOH and 1M Na2SO4). Galvanostatic 

charge-discharge studies of PTECNT-COOH 20 with different current densities (0.3 

mA/g, 0.6 mA/g and 1.0 mA/g) were carried out in 1M H2SO4 electrolyte. The cycling 

stability of cyclic voltammogram of PTECNT-COOH 20 was also determined for 1000 

cycles.  

7.3.   Results and discussion 

7.3.1. Preparation of poly(3-thiophene ethanol) (PTE) and PTECNT-COOH 

nanocomposites       

 Synthesis of poly(3-thiophene ethanol) was carried out via oxidative 

chemical polymerization of 3-thiophene ethanol (TE) monomer using ferric chloride as  
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Figure 7.4. Schematic representation of synthesis of PTE-CTAB complex. 

 

the oxidant in the presence of surfactant sodium bis (2-ethyl hexyl) sulfosuccinate 

(AOT) in chloroform medium (see Figure 7.4.). The obtained polymer was then 

sonicated with NaOH in DMSO solvent, resulting in corresponding sodium salt 

formation. Afterward, the cationic surfactant cetyl trimethyl ammonium bromide 

(CTAB) was added, sonicated for 15 min, and magnetically stirred for five days. A 

bright orange-coloured soluble polymer-CTAB complex was thus obtained. A 

dispersed form of functionalized MWCNT-COOH in DMSO was added slowly to the 

polymer-CTAB complex. It was then sonicated for 15 min and magnetically stirred for 

one hour, which resulted in nanocomposite formation (see Figure 7.5. and Table 7.1.). 

In the formation of the polymer-CTAB complex, the first stage was the generation of 

the sodium salt of the ethoxide side chain of thiophene units on the addition of NaOH. 

The salt form of the polymer then slowly underwent complexation with the cationic 
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surfactant CTAB on physical agitation. The complex formation of PTE with surfactant 

occurred due to non-covalent modification on ethoxide side chains of thiophene sub-

units in the polymerized form. In this work, soluble polyelectrolyte PTE was prepared 

using the above mentioned approach which was a less explored way of non-covalent 

modification. 

 

Figure 7.5. Synthesis of PTECNT-COOH nanocomposites by solution blending 

method. 

 

Table 7.1. PTECNT-COOH samples with the amount of poly(3-thiophene ethanol), 

CTAB surfactant, MWCNT-COOH used and yield obtained in preparation  

Sample PTE (mg) CTAB 

(mmol) 

MWCNT-COOH (mg) Yield (mg) 

PTECNT-COOH 10 10 0.0792 10 16 

PTECNT-COOH 15 10 0.0792 15 28 

PTECNT-COOH 20 10 0.0792 20 36 

7.3.2. Characterization of PTE and PTECNT-COOH nanocomposites  

 The formation of polymer (PTE), PTE-CTAB complex and nanocomposites 

(PTECNT-COOH 10, PTECNT-COOH 15 and PTECNT-COOH 20) were 

characterized using fourier transform infrared spectra (see Figure 7.6.). PTE shown 

characteristic peaks at 813 cm-1, 1022 cm-1, 1722 cm-1, 2852 cm-1 and 3000-3700 cm-1 

indicating C-S stretching vibration, C-O stretching vibration of the ethanolic side 

chains, stretching vibration of thiophene ring, C-H stretching vibration, and O-H 

stretching broad vibrational peak respectively.42,43 Complexation of PTE with CTAB 
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surfactant was evident from by FTIR analysis. PTE-CTAB complex exhibited peaks at 

826 cm-1, 1035 cm-1, 1624 cm-1, 2865 cm-1 and 3150-3450 cm-1. For the complex, the 

peak at 1035 cm-1 was found to get intensified compared to PTE. This might be due to 

the involvement of C-N stretching vibrations present in the CTAB surfactant. A visible 

shift was observed for IR frequency peak at 1722 cm-1 (in PTE) to 1624 cm-1 (in PTE-

CTAB complex) due to the free stretching vibration of thiophene rings on 

complexation.42-45 PTE-CTAB complex exhibited O-H stretching vibration peak arising 

from the remaining alcoholic groups, which did not participate in complexation. 

PTECNT-COOH nanocomposites exhibited major peaks at 1035 cm-1, 1524 cm-1, 1624 

cm-1, 2852 cm-1 and 3000-3650 cm-1 attributing to C-O stretching vibration from the 

side chain, aromatic stretching from carbon nanotubes, thiophene ring stretching 

vibrations, C-H stretching vibration from 3-thiophene ethanol moiety and O-H 

stretching vibration from polymer side chain respectively.42,44,46 Involvement of peaks 

from the PTE-CTAB complex and MWCNT-COOH in the FT-IR spectra of PTECNT-

COOH composites pointed out the effective formation of composites.   

                                  

Figure 7.6. FT-IR spectra of PTE, PTE-CTAB complex, MWCNT-COOH, PTECNT-

COOH 10, PTECNT-COOH 15 and PTECNT-COOH 20. 
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 Solid-state ordering of polymer nanocomposites were analyzed using powder 

X-ray diffraction. X-ray diffractograms of PTE, PTE-CTAB complex, PTECNT-

COOH 10, and PTECNT-COOH 15 were recorded (see Figure 7.7.). PTE exhibited a 

broad, amorphous peak ranging from 2θ value 10-32°.47 PTE-CTAB complex in which 

the amorphous peak was changed to partially crystalline with many smaller sharp peaks 

in it, indicates the formation of short-range ordering in the complexed form of PTE with 

CTAB. PTECNT-COOH 10 and PTECNT-COOH 15 in which the peak corresponding 

to (002) plane of multiwalled carbon nanotubes at (2θ=26°) was partially merged with 

the semi-crystalline peak of PTE-CTAB complex (see Figure 7.7. inset also).48 

Presence of diffraction patterns of individual components (PTE and MWCNT-COOH) 

in X-ray diffractograms of PTECNT-COOH composites confirmed the effective 

formation of nanocomposites. 

 

Figure 7.7. Wide angle X-ray diffractograms of PTE, PTE-CTAB complex, PTECNT-

COOH 10, PTECNT-COOH 15 and MWCNT-COOH (inset). 
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7.3.3. Morphological and dispersion studies of polymer and PTECNT-COOH 

nanocomposites 

 Surface morphologies of PTE, MWCNT-COOH, and PTECNT-COOH 

nanocomposites were carried out using field emission scanning electron microscopy 

(see Figure 7.8.). Scanning electron microscopic images of PTE appeared as a 

continuous bulk mass of polymer with some microcavity structures observed in certain 

areas. Image of one such microcavity is magnified in Figure 7.8. (inset) and some other 

microcavities are marked using yellow dotted circles in Figure 7.8. The cavities are 

shaped nearly as flower bud and these voids might be formed as the effect of AOT 

surfactant self-assembly during the polymerization. FE-SEM image of MWCNT-

COOH has nanotubular morphology with an outer diameter of ⁓9±3 nm. The 

morphology of nanocomposites was also found in one-dimensional nanotubes. It was 

clear from FE-SEM images of composites that no bulk polymer mass was found in the 

phase-separated form in between the nanotube framework. The outer diameter of 

nanocomposites with nanotubular structure was observed as ⁓25±5 nm, which is larger 

than that of functionalized MWCNT-COOH, indicating the effective wrapping of 

poly(3-thiophene ethanol)-CTAB complex on the outer surface of carbon nanotubes. 

           

Figure 7.8. Field emission scanning electron microscopic images of (a) PTE, (b) 

MWCNT-COOH, (c) PTECNT-COOH 10 and (d) PTECNT-COOH 15.        
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 Figure 7.9. UV-vis absorption spectra of PTE and PTE-CTAB complex. 

 The polymer (PTE) exhibited partial solubility in weakly polar organic solvents 

such as DMSO and NMP (see the photographs in Figure 7.9.). Sonication of polymer 

with NaOH followed by magnetic stirring with cationic surfactant CTAB resulted in 

the formation of bright orange-coloured complex (PTE-CTAB complex). Absorption 

studies of polymer PTE and PTE-CTAB complex were carried out with UV-vis spectra 

(see Figure 7.9.). PTE exhibited a peak with an absorption maximum at 420 nm 

corresponding to polaron-π* transition in polythiophene conjugated chain. For PTE-

CTAB complex showed a red shift with broader peak with λmax of 461 nm. The intensity 

was increased due to the better solubility of the polymer complex in DMSO. The red 

shift was observed because of the increased extended conjugation of the polythiophene 

backbone. Complexation of poly(3-thiophene ethanol) with cationic quaternary 

ammonium surfactant CTAB plausibly released the coiled nature of polymeric chains 

into a partial rod-like form. This moderate straightening effect might decrease the 

rotational defects present in PTE chain previously disordered amorphous coiled 

structure. Insertion of long CTAB chains on polymer creates a sidewise overlap around 

the polymer, thus restricting the free rotation of polymeric chains to form a coiled 

structure but promoting partial planarized conformations. As a result, the perturbation 

in the effective backbone conjugation of polythiophene chains gets decreased and the 

torsional angles get lessened with a partial straightening effect.44,49-51 The complex was 

then subjected to nanocomposites formation with acid functionalized multiwalled 
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carbon nanotubes (MWCNT-COOH). Nanocomposites thus prepared resulted in stable 

dispersions in partially polar solvents such as ethanol, DMSO, and NMP (see Figure 

7.10. A). UV-vis absorption spectra of PTECNT-COOH 10, PTECNT-COOH 15, and 

PTECNT-COOH 20 were recorded in the solvent ethanol (see Figure 7.10 B). The 

absorption peak arising from the aromatic π-π* transition (λmax= 280 nm) of MWCNT-

COOH is in the well-resolved in the UV-vis absorption spectra of nanocomposites. The 

π-polaron absorption of the polythiophene backbone is observed as an unresolved tail 

in longer wavelengths continuous with the absorption peak of carbon nanotubes.  

     

Figure 7.10 UV-visible spectra of PTECNT-COOH 10, PTECNT-COOH 15 and 

PTECNT-COOH 20 in ethanol and DMSO (A) and Dispersions of PTECNT-10, 

PTECNT-15 and PTECNT-20 in ethanol (B). 

 Poly(3-thiophene ethanol) complex, effectively wrapped on MWCNT-COOH 

producing well-defined nanotubular morphology (clearly evident from FE-SEM images 

of PTECNT-COOH nanocomposites). The average molecular mass of the PTE-CTAB 

complex obtained from MALDI TOF analysis was 4312.35 g/mol. Preparation of 

soluble form of poly(3-thiophene ethanol) complex with CTAB surfactant in DMSO 

helped to utilise the post polymerization preparation of nanocomposite via simple 

physical blending approach. Sonicated MWCNT-COOH in DMSO acted as stable 
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dispersion to accommodate complexed polythiophene chains on it via pi-stacking and 

wraping interaction. Partial uncoiling of PTE chains by complexation eases the 

association with MWCNT-COOH and their stacked arrangement on carbon nanotubes 

framework. Thereby polymer got effectively wrapped on carbon nanotubes (the outer 

radius of PTECNT-COOH was measured to be higher than that of MWCNT-COOH). 

Pristine carbon nanotubes are characterized by their agglomeration tendency due to 

their inherent bundling nature. The long hydrophobic alkyl chains orienting outside the 

tubular framework of nanocomposites restrict interchain aggregation (see Figure 

7.11.). This might create the well-separated tubular morphology of the nanocomposites 

as seen in FE-SEM images.                                            

   

Figure 7.11. Formation mechanism of PTECNT-COOH nanocomposites. 

7.3.4.  Thermal stability and electrical conductivity of PTECNT-COOH 

nanocomposites 

 Thermogravimetric analyses were conducted to compare the thermal stability of 

PTE and PTECNT-COOH nanocomposites prepared (see Figure 7.12.). The thermal 

profile of PTE exhibited two stages of weight loss; the first stage corresponds to the 
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decomposition of the side chain and the second stage is attributed to polythiophene 

backbone cleavage.52 PTECNT-COOH nanocomposites exhibited comparably very 

high thermal stability than the corresponding polymer. In the initial stage of degradation 

up to 200°C, PTECNT-COOH composites exhibited only 5% weight loss and PTE 

showed 10 % weight loss. Further polymer undergo 30%, weight loss upto 300°C as 

observed in the TGA curve . The thermal profile of PTECNT-COOHs was well above 

that of PTE, indicating less weight loss occurred in the composites particularly up to 

300°C, due to the effective interfacial interaction between polymer and carbon 

nanotubes. PTECNT-COOH nanocomposites exhibited only 25% weight loss at 700° 

C indicating the high thermal stability.  

 

Figure 7.12. Thermal stability of PTE, PTECNT-COOH 10, PTECNT-COOH 15 and 

PTECNT-COOH 20. 

  The electrical conductivity of PTE, PTECNT-COOH 15, PTECNT-COOH 20 

and MWCNT-COOH was measured using four probe electrical conductivity meter (see 

Figure 7.13.). PTE, PTECNT-COOH 15, PTECNT-COOH 20, and MWCNT-COOH 

exhibited electrical conductivity of 2.21x10-8, 8.33x10-1, 3.31x10-1, and 2.89 S/cm 

respectively. Poly(3-thiophene ethanol) exhibited very low conductivity compared to 

unsubstituted polythiophene PT-25 (reported in chapter 2). Incorporating alkyl 

functional groups with saturated bonds might decrease the conductivity of substituted 

conducting polymer poly(3-thiophene ethanol). The electrical conductivity of 

PTECNT-COOH nanocomposites were observed greater than 107 orders than that of 
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PTE. The less conducting PTE composition in the PTECNT-COOH nanocomposites 

(ie, between 40 % to 50 %), exhibited a hike in conductivity in the polymer-wrapped 

state on carbon nanotubes. The hike in conductivity might be due to the strong 

interfacial interaction between polymer and carbon nanotubes through non-bonded 

interaction between the partially straightened aromatic conjugated backbones of 

polymer complex and carbon nanotubes. 

 
Figure 7.13. Four probe electrical conductivity of PTE, PTECNT-COOH 15, PTECNT-

COOH 20 and MWCNT-COOH. 

7.3.5. Electrochemical characterisation of PTECNT-COOH nanocomposites 

        The electrochemical performance of PTE, PTECNT-COOH 10, PTECNT-

COOH 15, and PTECNT-COOH 20 were analyzed by cyclic voltammetry and 

galvanostatic-charge-discharge analysis with a three-electrode configuration (see 

Figure 7.14.). The electrochemical cell consists of a modified glassy carbon electrode 

as working electrode, a platinum electrode as counter electrode and an Ag/AgCl 

electrode as the reference electrode. The working electrode was prepared by drop 

casting ethanol solution of samples on glassy carbon electrode and dried with air blow 

method. A less resolved peak was observed on the cyclic voltammogram of PTE, 

indicates that both ionic diffusion and the faradaic process influence the 

electrochemical performance.49,55,56 PTE exhibited nearly willow-shaped CV curves 

with a faradaic peak. However, a different quasi-rectangular shape of CV curves of the 
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PTECNT-COOHs indicated the significant contribution from the MWCNT-COOH 

component to the electrochemical performance of nanocomposites. Carbon nanotubes 

exhibit electrical double-layer capacitance from the non-faradaic ionic diffusion 

process, and corresponding CV curves appear nearly rectangular.21,53,54 In effect of both 

faradaic and non-faradaic processes on the PTECNT nanocomposites, the modified 

glassy carbon electrode was thus found to exhibit pseudocapacitive behaviour.   

    

Figure 7.14. Cyclic voltammogram of PTE (a), PTECNT-COOH 10 (b), PTECNT-

COOH 15 (c) and PTECNT-COOH 20 (d) in 1M HCl electrolyte. 

 The cyclic voltammetry investigation of PTE, PTECNT-COOH 10, PTECNT-

COOH 15, and PTECNT-COOH 20 were carried out in 1 M HCl electrolyte over the 

potential range of 0 to 0.6 V. The study was carried out for different scan rates, such as 

10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. By comparing the CV curves 

of PTECNT nanocomposites, the most effective composition was taken as PTECNT-

COOH 20 (nanocomposite obtained by adding 20 mg of MWCNT-COOH) which 

exhibited largest integral area and the highest specific capacitance. Specific capacitance 

of samples was quantified using the formula 

𝐶𝑠𝑝 =
∫ 𝐼𝑑𝑉

2 ∗ 𝑚 ∗ 𝑆𝑅 ∗ 𝑉 ∙
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (1), 
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where ‘I’ is the current density, ‘V’ is the potential window, m is the mass of material 

coated on glassy carbon electrode and ‘SR’ is the scan rate. ∫IdV is obtained as integral 

area of CV curves.23,55 Specific capacitance (Csp) obtained with the samples PTE, 

PTECNT-COOH 10, PTECNT-COOH 15, and PTECNT-COOH 20 for 10 mV/s were 

1.53 F/g, 36.71 F/g, 68.88 F/g, and 90.61 F/g respectively (see Figure 7.14.). The 

specific capacitance of samples was observed to increase with an increase in scan rate, 

       

Figure 7.15. Cyclic voltammogram of PTECNT-COOH 20 for different scan rates in 

the electrolytes 1M HCl (a), 1M H2SO4 (b), 1M KOH (c) and 1M Na2SO4 (d). 

indicating the improvement in ionic diffusion. The diffusion kinetics was observed near 

the diffusion layer and it become more dynamic, thereby giving higher flux towards 

electrodes and a higher magnitude of the current. Specific capacitance obtained for PTE 

was found as comparably very small due to less availability of ion-accessible active 

sites due to its micro-bulk mass structure. However, the nanotubular network structure 

of PTECNT nanocomposites could provide a sufficient area of active sites to exhibit 

good electrochemical performance.  
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Figure 7.16. Galvanostatic charge-discharge profile of PTECNT-COOH 20 in 1M 

H2SO4 electrolyte (a) and Cycling stability study (cyclic voltammetry) of PTECNT-

COOH 20 in 1M H2SO4 electrolyte up to 1000 cycles (b). 

 The cyclic voltammograms of PTECNT-COOH 20 were recorded for different 

electrolyte solutions pocessing different combinations of positive and negative ions. 

The electrolyte concentrations such as 1M HCl, 1M H2SO4, 1M KOH, and 1M Na2SO4 

were used as aqueous solutions (see Figure 7.15.). The highest integral area is obtained 

for the scan rate 10 mV/s in all the samples and corresponding specific capacitance 

obtained in 1M HCl, 1M H2SO4, 1M KOH, and 1M Na2SO4 electrolytes are 90.61 F/g, 

123.66 F/g, 13.28 F/g, and 38.13 F/g respectively. Among different aqueous 

electrolytes used, acidic electrolytes (1M H2SO4 and 1 M HCl) have given higher values 

of specific capacitance. Dibasic H2SO4 exhibited the highest electrochemical 

performance having Csp 123.66 F/g. The charging-discharging analysis of PTECNT-

COOH 20 nanocomposites was explored with the GCD (Galvanostatic charge-

discharge) characteristic profile at different current densities such as 0.3 mA/g, 0.6 

mA/g and 1.0 mA/g (see Figure 7.16. (a)). Specific capacitance is measured using the 

formula, 

                                           𝐶𝑠𝑝 =
𝐼𝑡

𝑚∆𝑉
   ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (2)        

Where ‘I’ is the current density, ‘t’ is the discharge time, ‘m’ is the mass of the sample 

used and ‘∆V’ is the potential window.23,57 The highest Csp obtained was 180 F/g for 10 

mA or 0.3 A/g current density. Comparing the involvement of positive and negative 

ions to vary specific capacitance of PTECNT-COOH 20, the presence of positive 

hydrogen ions in electrolytes enhanced the specific capacitance to the higher range. In 

contrast, other cationic species, such as Na+ and K+ had an insignificant impact on 
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nanocomposite electrochemical performance, which is significant from the difference 

obtained for Csp values of PTECNT-COOH 20 in two different but same anion-bearing 

electrolytes 1M H2SO4 and 1M Na2SO4 . The GCD profile in which deviation of shape 

from perfect triangular form indicates appreciable pseudo capacitance functioning from 

conducting polymer wrapping.57 Comparison of charging and discharging in GCD 

profiles revealed a higher current density of 1.0 mA/g, at which discharging time 

increases appreciably than charging time. The difference between charging and 

discharging time is not appreciable at lower current densities. A longer discharging time 

observed in PTECNT-COOH 20 nanocomposites indicates the more charge storage 

capability of the PTECNT-COOH-modified glassy carbon electrode.7 Other 

quantitative measurements, such as energy density and power density, were also 

quantified. Energy density was calculated using the equation, 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐶𝑉2

8 ∗ 3.6
   ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (2), 

Where ‘C’ is the specific capacitance in F/g and ‘V’ is the potential window in volts. 

Then power density was also calculated using the equation, 

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐸

∆𝑡
       ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (3), 

Where E is the energy density and ∆t is the time.57 Energy density was obtained as 1.6 

Wh/Kg and power density as 19.19 W/Kg. Both energy and power density met 

moderately good performance for supercapacitors along with its high specific 

capacitance of 128 F/g. The electrochemical stability of PTECNT-COOH 20 

nanocomposite electrode was analyzed with cyclic voltammetry in the scan rate of 200 

mV/s for the continuous 1000 cycles (see Figure 7.16. (b)). The specific capacitance 

of 99 % was found to be retained even after 1000 cycles. Supercapacitors with high 

cycling stability are challenging to generate the long-term output from the electrode 

materials.58,59 Preparation of electrodes by coating as a film without adding additives 

or binders is another good advantage in a capacitor's economic and efficiency aspects.60 

In essence, we have put forward a facile physical blending approach for thermally stable 

and conducting nanocomposites preparation. The composite was effectively 

demonstrated for applying easily fabricated, moderately good capacitive, energy 
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efficient, competent power generating and a long-lasting supercapacitor (see Figure 

7.17.).      

 

Figure 7.17. Illustration of advantageous outputs of PTECNT-COOH nanocomposites 

preparation and its supercapacitor application. 

7.4. Conclusion 

 Poly(3-thiophene ethanol)-functionalized multiwalled carbon nanotube 

nanocomposites (PTECNT-COOH) was prepared by scalable and less complicated 

physical blending route in DMSO solvent. Poly(3-thiophene ethanol) (PTE) was 

initially prepared by oxidative chemical polymerisation using ferric chloride as an 

oxidant in the presence of AOT as surfactant in chloroform medium. PTE is then 

complexed with cationic surfactant cetyl trimethyl ammonium bromide (CTAB) to 

obtain the solubilized form of the polymer PTE-CTAB complex. FT-IR analysis and 

powder X-ray diffraction studies confirms the PTECNT-COOH nanocomposites 

formation. PTE-CTAB complex exhibited an intensified red shift in absorption spectra, 

indicating the conformational change of the polymer backbone, resulting in efficient 

conformationaly extended conjugation. PTECNT-COOH composites exhibited stable 

dispersion in less polar solvents; especially in ethanol, which helped to record UV-vis 

absorption spectra. Morphological analyses using FE-SEM micrographs gave less 

agglomerated nanotubular morphology of the nanocomposites. PTECNT-COOH 
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composites maintained high thermal stability and good electrical conductivity. 

Additives and binders free preparation of film coating of PTECNT-COOH with green 

solvent ethanol was achieved for electrochemical characterization. The electrochemical 

study shows the applicability of PTECNT-COOH nanocomposites as efficient 

supercapacitor electrode material having a moderately good specific capacitance of 128 

F/g with efficient energy density, power output and long-time cycling stability. 
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