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A B S T R A C T   

The emergence of portable electronics in miniaturized and intelligent devices demands high-performance 
supercapacitors (SC) and batteries as power sources. For the fabrication of such energy storage devices, con-
ducting polymers (CPs) have significant advantages due to their high theoretical capacitive performance and 
conductivity. In this work, we developed two CPs including polyaniline and polythiophene through a low-cost 
chemically synthesized approach and the film-by-spin coating method. The structural and morphological 
properties of the CPs are analyzed using Fourier-transform infrared spectroscopy (FTIR), contact angle mea-
surement, and scanning electron microscopy (SEM). Based on these CPs, novel pristine polyaniline and 
polythiophene-based SCs (PASC and PTSC) are developed. The prepared CPs contribute to high electrochemical 
performances due to their high conductive nature of the electrode and conjugated polymer materials reaction. 
Hence both electrochemical double-layer formation and pseudocapacitance contributed to the energy-storing 
performances of the device. Electrochemical impedance spectroscopic analysis (0.1 Hz to 100 kHz) demon-
strates faster ionic exchange and high capacitance of the PASC electrode as compared to PTSC in H3PO4 elec-
trolyte. The PASC devices exhibit specific capacitance of 13.22 mF⋅cm− 2 with energy and power densities of 
1.175 μW⋅h⋅cm− 2 and 4.99 μW⋅cm− 2 at a current of 50 μA. Compared to PTSC (specific capacitance 3.30 
mF⋅cm− 2) the PASC shows four times higher specific capacitance due to its improved surface, structural and 
electrical properties. The electrochemical performance reveals the superior SC performance for this type of CP 
electrode.   

1. Introduction 

Smart energy storage devices such as batteries and supercapacitors 
(SC) with long life cycles exhibit potential advantages in low-powered 
electronics, especially for portable devices [1–4]. For future use in the 
future generation of energy storage devices, SCs exhibit significant ad-
vantages including extended lifecycle, fast charging and discharging, 
high power density, efficient charge storage process, and high energy 
density [5–9]. Furthermore, SCs have seen widespread usage in various 
industries including transportation, electronics, military, aerospace, and 
sensors, among others [8,10–12]. Most of the research in SCs has been 
focused on the synthesis of new materials and the design of new devices. 
For this purpose, various carbon structures, metal oxides, polymers, and 

composite materials have been used [13–15]. To deliver sustainable new 
SCs, it is necessary to perform materials/device synthesis from non- 
toxic, low-cost materials. Among various choices, conducting polymers 
(CPs) are characterised by their environmental friendliness, ease of 
processing, low cost, adjustable conductivity via doping, and high 
capacitance which makes them an ideal candidate for the electrode 
material for SCs [16–18]. 

Over the past few years, several CPs have been developed and uti-
lised in various fields such as polymer light-emitting diodes [19,20], 
sensors [21–23], artificial muscles [24–26], anti-corrosion coating 
[27,28], and energy storage devices [16–18,29]. The high pseudoca-
pacitance due to the conjugated materials, accessible redox states for 
electrolyte reaction, and controllable physical properties lead CPs to be 
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an excellent energy-storing material [29,30]. CPs backbone is a highly 
delocalised π-electron system with alternating single and double bonds 
[30]. Furthermore, the π-conjugation results in molecular orbitals with 
high energy occupancy and low energy unoccupancy, creating a readily 
oxidisable or reducible system [31]. Moreover, unlike traditional insu-
lating polymers, CPs are semiconducting and can be doped to exhibit 
metallic conductivity [31,32]. The high conductivity and redox active 
sites lead to the combined effects of electrochemical double layer 
capacitance (EDLC) and pseudocapacitance formation in CP based SCs. 
For energy storage device fabrication the most extensively researched 
CPs are polypyrrole (PPy) [33,34], polyaniline (PANI) [35], poly(3,4- 
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) [16,29], 
polythiophene (PTh) [36,37] and their derivatives or composites 
[38,39]. It has been found that various methods and different designs 
may be employed for CPs based SC fabrications. To enhance the per-
formances of CP-based SCs, the majority of work has reported the 
development of composite film or layered electrodes with different 
materials including metal oxide or MXene [40,41]. Such devices 
exhibited high specific capacitance, for example MXene/CNF/PANI 
electrode boasts a high areal specific capacitance of 2935 mF⋅cm− 2 at a 
current density of 1 mA cm− 1 [42]. From the different methods of SC 
development, solution-processed methods are highly advantages for CP 
based SCs due to the possibility of large-scale production, ease of 
fabrication of electrodes, and low cost. The SC performance of several CP 
based SCs are summarized in Table S1 in supporting information. It was 
observed that spin coating is very convenient for the development of 
small area SCs for low powered electronics. 

In this paper we describe the development of new PANI and PTh 
based SCs (PASC and PTSC, respectively) and investigate their electro-
chemical performances. Compared to the reported PANI and PTh based 
SCs (as shown in Table S1), in this work we utilize pristine polymers 
without any composite formation. For the development of SC electrodes, 
the PANI and PTh were synthesized in a simple and low-cost method. 
The electrode materials were synthesized by using a three-neck flask 
with a magnetic stirrer, and a nitrogen inlet, positioned in a water-ice 
bath. The prepared CP solution was spin coated as an active electrode 
of the SC on the top of a graphite current collector. The prepared 
conductive electrodes showed excellent electrical and electrochemical 
stability, described herein. PANI has a distinctive method of conduc-
tivity and remarkable electrochemical performance, with a high theo-
retical specific capacitance making it an exceptional pseudocapacitive 
material [43]. PTh is well-suited for SC fabrication due to its exceptional 
pseudocapacitance, strong electrical conductivity, high energy density, 
low cost, and environmentally friendly properties [44]. For evaluation 
of the electrode performance in this study, we used two different elec-
trolytes such as KCl and H3PO4, with a polyester/cellulose separator. 
Through electrochemical studies such as cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS) and galvanostatic 
charging discharging (GCD) we found that the PASC in H3PO4 shows 
better performances due to the excellent property of PANI electrode. The 
fabricated PASC shows comparatively better or similar performance 
with other reported CPs based SCs as summarized in Table S1. 

2. Experimental section 

2.1. Materials 

Double-distilled aniline (99.5 %) and thiophene (99.0 %), ammo-
nium peroxydisulfate (APS, 98 %), triethanolamine (TEA, 99 %), sodium 
dodecyl sulfate (SDS), hydrochloric acid (HCl, 37 %), N,N-dime-
thylformamide (DMF, 99.8 %), hexafluoro-2-propanol (HFIP, 99 %), and 
methanol (99.9 %) were all purchased from Sigma Aldrich Company. 
Graphite sheets were purchased from SGL Carbon (0.5 mm, Germany). 

2.2. Synthesis of polyaniline and polythiophene 

To synthesize emeraldine PANI, a three-neck flask with a magnetic 
stirrer was used. The reactor flask was equipped with a nitrogen inlet 
and a droplet injection system. The flask was placed in a water-ice bath. 
Before pouring the materials into the reactor and starting the synthesis, 
the input nitrogen pressure of the reactor was controlled, and the bath 
temperature was set at 0 ◦C; the rotation rate was at 450 rpm. The 
duration of semi-continuous feeding was adjusted to approximately 25 
min. In the next step, aniline (300.0 μl) was gradually added to 30.0 ml 
of 1.0 M aqueous solution of HCl. When aniline dissolved in HCl solu-
tion, it was moved to the reaction flask to reach the synthesis temper-
ature. Afterward, the initiator APS (303.0 μl) was dissolved in 30.0 ml of 
1.0 M HCl solution and then transferred to the droplet injection system. 
When the first drops of initiator enter the reaction container, the poly-
merization starts. While the reaction is progressing, the reaction mixture 
after 3 h gradually turns emerald green and becomes completely uni-
form. At the end of the reaction after 24 h, a small amount of methanol 
(100 μl) was added to the balloon. The magnetic stirrer was stirred until 
the containing solution of synthesized polymer was separated and 
precipitated. Then the reactor was evacuated, and the harvested poly-
mer solution was passed through a filter paper. After three methanol 
washes and two distilled water washes it became smooth. At that point, 
the filter containing the polymer was placed in a vacuum oven for 6 h at 
50 ◦C. After this stage, the weight of the filter remains stable. The 
scheme of the PANI synthesis and film fabrication procedure can be 
found in Fig. 1a. 

The procedure of synthesis of PTh was conducted in the same reac-
tion flask as PANI. Initially, 2.5 ml of thiophene, 1.0 g SDS, and 9.5 ml of 
TEA were mixed with 30.0 ml of DI water in a reaction container and 
magnetically stirred to prepare a homogenous solution of monomer. 
Concurrently, APS was dissolved in 20.0 ml of DI water and was trans-
ferred into the feeding injection system. The molar ratio of the initiator 
to monomer was 1.15. After filling the flask with a nitrogen inlet, the 
initiator was introduced. The early stage of polymerization was 
confirmed by the color change of the solution. The polymerization was 
allowed to proceed for 24 h. Subsequently, the final dark brown pre-
cipitate was collected by centrifugation. To separate the oligomers and 
impurities from the desirable product, the polymerization product was 
washed three times with DI water and methanol and finally freeze-dried. 
The steps of preparation given of PTh are given in Fig. 1b. 

2.3. Fabrication of polymer thin film 

The graphite substrate was cleaned by rinsing several times with 
distilled water and methanol in an ultrasonic bath and dried under a 
nitrogen flow. Then a PANI layer was spin-coated on graphite at 1000 
rpm for 60 s and subsequently annealed at 70 ◦C for 5 min. The PANI 
precursor solution was prepared by filtering with a PTFE syringe filter 
(Whatman, 0.45 mm) and dissolving in HFIP at 10 % w/w. To prepare a 
thin film of PTh, the freshly synthesized polymer first dissolves in DMF 
with a ratio of 5 % w/w. Subsequently, the polymer solution was spin- 
coated on the clean graphite sheet at 1000 rpm and for 60 s and 
annealed at 65 ◦C for 5 min. 

2.4. Fabrication of supercapacitors 

In the previous stage, the active electrodes were applied on the top 
surface of the graphite sheet. For the underside of the graphite, the wires 
were attached for measurement purposes using silver paste (RS com-
ponents). The wires were securely attached at a temperature of 80 ◦C for 
30 min in an oven and subsequently covered with an insulating ink (JE 
solution). The insulating ink was then subjected to a curing process at 
80 ◦C for 1 h in an oven. In this work, two symmetric SCs were fabricated 
using PANI and PTh as the active materials, termed PASC and PTSC, 
respectively. For the fabrication of the SCs, the electrodes were used 
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with a polyester separator (Techni Cloth (TX 612), which was soaked in 
H3PO4 electrolyte. We also compared the performances of the electrodes 
in a 1 M KCl electrolyte. The schematic of the device is given in Fig. 2a 
and b shows the electrode reaction with the electrolyte. 

2.5. Characterisation 

To investigate the physio-chemical characterizations of the synthe-
sized polymers, Fourier-transform infrared spectroscopy (FTIR, Perkin 
Elmer ATR 100 instrument, USA) analysis was performed. UV–Vis 
spectra detection of conjugated polymers was measured using a spec-
trophotometer (Multiscan GO Thermo Scientific, USA). The morphology 
of the polymer film was analyzed using scanning electron microscopy 
(SEM, JEOL JSM-6390LV) with a 7kV acceleration voltage and a 10mm 
working distance. Prior to the observation, the analyzed polymer sam-
ples were coated with a thin layer of gold using a sputter-coating tech-
nique. Nitrogen sorption experiments were carried out by using 
AutoSorb iQ (Quantachrome) system operated at 77 K. The Bru-
nauer–Emmett–Teller (BET) method based on the adsorption data was 

used to calculate the specific surface area. The total pore volume was 
obtained from the adsorbed amount of N2 at P/P0 = 0.99. DFT analysis 
was used on the adsorption branch to evaluate the average pore diam-
eter. Thermal analysis of pre-heated samples was performed by using 
TG/DSC analyzer SDT 650, TA Instruments Instrument from room 
temperature to 850 ◦C at a heating rate of 5 ◦C/min under nitrogen at-
mosphere. Hydrophobicity and hydrophilic nature of the film investi-
gated through contact angle measurement (Contact Angle Goniometer, 
Oscilla). Electrochemical performances including EIS (100 kHz to 0.1 Hz 
at 10 mV) and CV (scan rate-10–500 mV s− 1) analysis was carried out 
using electrochemical workstation (Gamry) with H3PO4 and KCl elec-
trolyte. The galvanostatic charging discharging (GCD) measurements of 
the PASC PTSC were tested by using source meter with LabVIEW pro-
gram (Agilent, U2722A). 

Fig. 1. Schematic representation of synthesis and film fabrication on graphite current collector of (a) PANI and (b) PTh.  

Fig. 2. (a) Schematic representation of developed supercapacitor. (b) Electrode-electrolyte reaction of PANI with H3PO4 electrolyte.  
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3. Results and discussion 

3.1. Structural and morphological analysis of the electrodes 

Fig. 3a presents the FTIR spectrum of PANI and PTh from 3500 to 
500 cm− 1. Aniline, as the monomer of PANI, shows a strong peak at 
1146 cm− 1 related to the quinone nitrogen's vibrational modes. Simi-
larly, the peaks at 1439 and 1570 cm− 1 are related to stretching modes 
in benzoid and quinoid of benzene in aniline structure. The peak 
observed at 818 cm− 1 is related to the configuration change of the C–H 
bond in benzene. Along with the spectrum of PANI peaks in the range of 
2936 and 3433 cm− 1, they can be attributed to symmetric and asym-
metric configurations of stretching NH+. The transmittance peak in the 
PANI spectrum confirms the synthesis of emeraldine PANI. The FTIR 
transmission spectrum of the thiophene exhibited characteristic vibra-
tion at 2916 cm− 1 for C–H stretching vibration bands. The bands at 
1674 and 1404 cm− 1 correspond to C––C asymmetric and symmetric 
stretching vibrations of the thiophene ring, respectively. The vibration 
bands observed at 1211 cm− 1 and 1041 cm− 1 are due to C–H bending 
and in-plane deformation. Furthermore, the characteristic bands of PTh 
are seen at 763 cm− 1 (C–S bending) and 694 cm− 1 (C–S–C ring 
deformation stretching). Results of the FTIR studies clearly indicate the 
polymerization of the monomer, as illustrated in Fig. 3a. 

The UV spectra of PANI and PTh are given in Fig. 3b. The PANI 
spectrum was measured in MeCN. The UV spectra show a sharp ab-
sorption peak at 365 nm. The bipolaron/polaron resonance absorption 
of the electrons is attributed to the band between 330 and 450 nm. This 
shows that the conductive emeraldine PANI form was formed using the 
previously described process. The intensity of this peak indicates that 
the synthesized polymer is electrically conductive. We also measured 
the UV–Vis absorbance of PTh in DMF to rule out the possibility that the 
polythiophene breaks down after polymerization. The UV–Vis spectrum 
of PTh is shown in Fig. 3b. The expansion of π-conjugation is indicated 
by the peaks at 446 nm, which are associated with the (π-π*) band of the 
polymerized monomer. It is important to note that the (π-π*) band's 
intensity demonstrates that thiophene units do not disintegrate after 
polymerization. 

The surface morphology of coated layers of conjugated polymers 
were investigated through the SEM micrographs shown in Fig. 4. Fig. 4a 
to c shows the SEM images of the graphite sheet at different magnifi-
cations. The magnified image of the graphite sheet shows the large layer 
of flake-type structure. The thickness of the graphite sheet used for these 
samples was approximately 810 μm. On the top of this graphite sheet 
PTh and PANI were coated. SEM images revealed that the polymer- 

coated films have two distinct morphologies: porous structure for PTh 
and non-porous for PANI spin-coated layer. Fig. 4d to f shows SEM 
images of PTh. It was found that the evaporation of the solvent in which 
PTh was dissolved led to the creation of a porous network of PTh and is 
clearly observed in the magnified image in Fig. 4f. The average pores 
diameter is 159.04 μm ± 61.89 μm for PTh film. By scratching some 
parts of coated layer prior to SEM, this morphology is more visible and is 
shown in Fig. 4d (described as not covered for substrate and covered for 
film coating). However, the PANI coating exhibits a uniform and thin 
layer of polymer over the graphite sheets' surface (Fig. 4g to i). The spin- 
coated PANI layer has a flat film without exhibiting any pores on the 
surface, with an average thickness of 401 nm. 

Fig. 5a and Fig. S1a in supporting information shows the N2 
adsorption-desorption studies of PANI and PTh materials. The pore size 
distribution curves of the PANI and PTh materials are given in Fig. S1b 
and S1c. As can be seen from the isotherms, that nitrogen adsorption- 
desorption curve of PANI follows type II isotherm as per IUPAC 
nomenclature, the flatter region in the middle region represents the 
formation of monolayer. In the present situation, at low pressure, the 
micropores were filled with gas, monolayer formation takes place at the 
middle region and at high pressure, capillary condensation takes place. 
DFT method was used to calculate the average pore size and micropore 
volumes. The sample contains the mixture of micropores, mesopores and 
macropores which confirms the suitability of material for SC applica-
tion. The specific surface area observed for PANI is 18.01 m2 g− 1 and for 
PTh is 7.32 m2 g− 1. The results obtained are summarized in Table S2. 
Fig. 5b shows the thermogravimetric curves of PANI and PTh. It can be 
seen from the thermal curves that both polymers are thermally stable. 
The first slight weight loss can be seen at 150 ◦C which is due to the loss 
of water content and other solvents. In particular, PANI was stable up to 
400 ◦C and later it decomposes sharply and in case of PTh also, the 
sample was stable up to 465 ◦C and later it decomposes but it still the 
decomposition rate was slow as compared to PANI. From room tem-
perature to 850 ◦C the total weight loss of PTh was 3.8 % which is in 
agreement with previous published results, PTh is thermally stable up to 
900 ◦C in inert atmosphere [45]. TGA studies confirm that both the 
materials were thermally stable and can be used for device application. 

Contact angle measurements were carried out to analyze surface 
wettability of the electrode. It has been found that the surface wetta-
bility strongly influences charge accumulation and energy storing per-
formance [46]. Contact-angle measurements reveal that on the top of 
the PANI the drop is almost fully distributed, however the PTh film is 
more hydrophobic (θ = 92◦) as presented in Fig. S2 in supporting in-
formation. The lower hydrophobicity of PANI is due to the surface 

Fig. 3. (a) FTIR spectra and (b) UV–Vis spectra of PANI and PTh films.  
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morphology and leads to better electrode -electrolyte interaction. 

3.2. Electrochemical performances of the symmetric SCs 

EIS analysis for PASC and PTSC devices were carried out and is 
presented in Fig. 6. The EIS analysis reveals the ion diffusion and charge 
transport of the electrodes of the SCs. The Bode impedance and phase 
angle plots for the frequency range of 100 kHz to 0.1 Hz are shown in 
Fig. 6a and b. The magnitude of impedance in the Bode plot shows that 
PASC has a lower impedance as compared to PTSC in both H3PO4 and 
KCl electrolytes. This low impedance value of PASC in H3PO4 (Fig. 6a), 
will lead to faster ionic exchange and high capacitance of the electrode 
compared with other electrodes. For a frequency of 0.1 Hz the PASC has 
a capacitance 10.2 mF which is more than four times higher than that of 
the PASC device with KCl and the PTSC device with H3PO4. The varia-
tion of capacitance of the PASC and PTSC devices with frequency is 
given in Fig. S3 in supporting information. The high capacitive nature of 
PASC supports the results of the Bode phase angle plot in Fig. 6b. As 
compared to a − 90◦ ideal capacitor phase angle, a value of almost − 60◦

is observed for PASC in H3PO4 and KCl electrolytes and is lower for 

PTSCs (see Fig. 6b). This variation in phase angle could be due to the 
high capacitance of PASCs and high ionic permeability. 

Nyquist plots in Fig. 6c to f show that both PASC and PTSC devices 
demonstrate diffusion-controlled Warburg capacitive behavior. A near 
straight line is observed from the Nyquist plot at the lower frequency 
region, confirming such capacitive behavior [29]. This lower impedance 
is due to the diffusion of ions from the electrolyte towards the electrode 
surface. PTSC exhibits higher resistance as compared to PASC which is 
seen in Fig. 6d in H3PO4 electrolyte and in 6f in KCl electrolyte, leading 
to lower capacitance. The equivalent series resistance (ESR) is deter-
mined from the high frequency (here measured at 10 kHz) intercept of 
Zreal in the Nyquist plot. The ESR values measured from Fig. 6c to f and is 
found that 0.86 Ω for PASC in H3PO4, 8.3 Ω for PTSC in H3PO4 elec-
trolyte. It was observed that, the PASC with H3PO4 electrolyte shows the 
lowest value of ESR and highest value 18.83 Ω observed for PTSC with 
KCl electrolyte. The absence of a semi-circle shape in the high frequency 
range in the Nyquist plots implies better pore accessibility for the elec-
trolyte ions during electrochemical reaction without any charge transfer 
resistance. 

CV analysis of the PASC and PTSC devices was carried out under 

Fig. 4. SEM images of (a–c) graphite sheet and (d–f) PTh film. (g-i) PANI film in different magnifications.  

Fig. 5. (a) N2 adsorption-desorption isotherms of PANI and (b) TGA curves for PANI and PTh.  
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Fig. 6. EIS analysis of PASC and PTSC (a) and (b) Bode impedance plot for PASC and PTSC in H3PO4 and KCl electrolytes. (c)–(f) show the Nyquist plot for PASC 
and PTSC. 

Fig. 7. (a) and (b) CV curves of PASC and PTSC at a scanning rate range of 10-500 mV⋅s− 1, (c) capacitance of PASC and PTSC in H3PO4 electrolyte at different scan 
rate and the inset shows the capacitance variation for both electrolyte (d) comparison of CV curves for PASC and PTSC in H3PO4 and KCl electrolyte at 100 mV⋅s− 1. 
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different scan rates in the range of 10–500 mV⋅s− 1 for an operating 
potential window of 0–0.8 V. Fig. 7a and b shows CV curves for PASC 
and PTSC with H3PO4 electrolyte. A similar comparison was carried out 
for KCl electrolyte and is shown in Fig. S4 in supporting information. 
From Fig. 7a and b, it is observed that the CV curves maintain a nearly 
uniform shape at both low and high sweep rates, indicating that the 
material has an excellent rate stability. The CV curve demonstrates an 
increase in current with increasing scan rate, indicating an increase in 
charge accumulation on the electrodes at higher rates and the domina-
tion of diffusion reactions [29,47]. Fig. 7a and b shows that both PASC 
and PTSC have different shapes of their CV curves. The quasi rectangle 
with peaks shows the electrochemical redox reaction of PASC and PTSC 
due to the presence of pseudocapacitance of the conducting polymer. 
The capacitance value 4.37 mF⋅cm− 2 for PASC and 0.38 mF⋅cm− 2 for 
PTSC were calculated from the CV at 10 mV⋅s− 1 and confirms that PASC 
devices show more than 10 times higher energy storing performance 
compared to PTSC. The variation of capacitance with scan rate for PASC 
and PTSC given in Fig. 7c. From the analysis, it was found that as 
compared to PTh based electrodes, PANI devices store more charge and 
have high capacitance due to the combined effect of better electrode- 
electrolyte interaction (as shown in EIS analysis) and higher specific 
capacity. This could be found in the larger area of the CV curve at 100 
mV⋅s− 1 as shown in Fig. 7d. Furthermore, for both PASC and PTSC it was 
found that the acquired current increased with the scan rate, confirming 
the diffusion of ions. Additionally, when comparing the performance of 
both SCs, the SC in H3PO4 electrolyte shows high energy storage per-
formance as compared to KCl electrolyte, as shown in Fig. 7c. 

Further verification of the electrochemical performance of PASC and 
PTSC device was obtained by GCD measurement. During the experi-
ment, the voltage of constant charge and discharge was 0.8 V, and the 

current was 50 μA. From Fig. 8, it can be seen that the curve has a 
negligible voltage drop during the discharge indicating that the internal 
resistance of the electrode material is negligible. At the same time the 
curve still maintains a symmetrical triangular shape. Indicating that the 
electrode material has excellent electrochemical reversibility. The GCD 
measurements of the fabricated PASC in H3PO4 electrolyte is shown in 
Fig. 8a and it reveals that PANI possesses the largest capacitance of 
13.22 mF⋅cm− 2. The power density of PASC was calculated to be 4.99 
μW cm− 2, while its energy density was determined to be 1.175 
μW⋅h⋅cm− 2. From Fig. 7b the PTSC shows capacitance of 3.301 mF⋅cm− 2 

with energy density of 0.29 μW⋅h⋅cm− 2. In addition to this, we also 
measured the specific capacitance of PASC and PTSC in KCl, which is 
shown in Fig. 8c and d and is found to be 7.87 mF⋅cm− 2 and 0.77 
mF⋅cm− 2 respectively. The coulombic efficiency (CE) of the SCs was 
measured from the GCD analysis and is found 89.7 % for PASC in H3PO4, 
85.37 % for PTSC in H3PO4, 70.6 % for PASC in KCl and 50.7 % for PTSC 
in KCl electrolyte. It was noticed that depending on types of the con-
ducting polymers and the electrolyte the CE value is changing. It could 
be due to the resistance variation of the electrode while reacting with 
electrolyte and is noticed in EIS analysis. Further for the conducting 
polymer films are found to expand and contract during electrochemical 
oxidation and reduction. These structural changes can hinder the 
movement of ions and electrons, resulting in reduced CE [48]. The graph 
The GCD analysis also predicts that the PASC in H3PO4 electrolyte shows 
better performance, and its values are comparable or better than with 
other solution based PASC [49,50], as described in Table S1 in sup-
porting information. 

We observed PASC in H3PO4 electrolyte shows better electro-
chemical performance and were then tested for multiple charging/dis-
charging cycles. We carried out GCD analysis for 11,000 cycles and 

Fig. 8. The GCD analysis of (a) PASC in H3PO4 (b) PTSC in H3PO4 (c) PASC in KCl and (d) PTSC in KCl electrolyte at applied current density of 12.5 μA⋅cm− 2.  
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Fig. 9a shows the cycle performances for the first few cycles, and the 
final cycles are shown in Fig. 9b. As compared to the first few cycles, we 
note rapid charging/discharging for last few cycles, as shown in Fig. S5 
in supporting information. The device exhibited 62 % of capacitive 
retention after 1000 cycles. In future, these SCs could be integrated in 
power management circuits for operating low powered sensors and 
electronic components for wearables and smart devices [5,51,52]. To 
improve the CE, and the performances for advanced applications, a 
composite of PANI and PTh with other materials including metal oxide 
and reduced graphene oxide will be prepared [53,54]. 

4. Conclusion 

In this work two symmetric SCs were developed using polyaniline 
and polythiophene based conductive polymers. The conductive poly-
mers were prepared by low cost, simple chemical synthesis methods and 
electrode fabrication via spin coating. We observe that the developed 
PASC device exhibited a specific capacitance of 13.22 mF⋅cm− 2 with 
energy and power densities of 1.175 μW⋅h⋅cm− 2 and 4.99 μW⋅cm− 2 at an 
applied current of 50 μA. As compared to the PTSC device (specific 
capacitance 3.30 mF⋅cm− 2) the PASC shows four times higher specific 
capacitance due to its superior surface, structural and electrical prop-
erties. Further electrochemical impedance spectroscopic analysis (0.1 
Hz to 100 kHz) shows that faster ionic exchange and high capacitance of 
the PASC electrode as compared to PTSC in H3PO4 electrolyte. We 
observed that the hydrophobicity is one of the key components in 
limiting the polythiophene performance, which can influence electrode 
and electrolyte interface. Also, the inferior surface, structural and elec-
trical properties can limit its performance. We observed that as 
compared to polythiophene, PANI coating exhibits a uniform thin film 
which is found in the SEM image. The high resistance of the poly-
thiophene electrode when reacting with solution reduces the energy- 
storing performances as observed in impedance analysis. The electro-
chemical performance reveals the enhanced SC performance for this 
preparation method of CP electrodes. For the pristine CP-based SCs, 
further studies are required for investigating various aqueous and gel 
electrolytes (acidic, alkaline, neutral, ionic liquids) influences on the 
electrochemical performances of the devices to fine-tune the best 
performances. 
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