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Summary

We have successfully synthesized para-toluenesulfonic acid (PTSA)-based con-

ducting polyaniline (PA) by using ammonium persulfate (APS) as oxidant for

supercapacitor electrode applications. The primary aim is to find out the opti-

mized ratio of APS:aniline and aniline:PTSA based on the electrochemical per-

formances of the fabricated electrodes. PA having APS:aniline ratio of 1.25:1

and aniline:PTSA ratio of 2:1 exhibited the highest value of specific capaci-

tance, specific energy, specific power, and coulombic efficiency of 82.22 F/g,

11.42 Wh/kg, 124.99 W/kg, and 95.95%, respectively. It offers very low charge

transfer resistance of 3.1 Ω during the electrochemical processes. The cycle life

of the corresponding system is the largest among all, which is 88.97% retention

after 2000 cycles. The robust electrochemical behavior may be due to the uni-

form rod-shaped morphology of the corresponding system, which may be pro-

viding seamless movement of the electrolyte ions to the electrochemical active

sites along with proper electrical connection.
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1 | INTRODUCTION

The increasing demands of energy storage devices have
been rising due to the requirement of energy in every sec-
tor. Supercapacitors having high energy and power den-
sity, high specific capacitance, high reversibility,
outstanding cycle stability are setting benchmark in the
field of energy storage devices. The functioning of super-
capacitors could be electrical double layer capacitance
(EDLC) or pseudocapacitive in nature based on the mate-
rials used in the electrodes. Carbon-based materials store
charge by the process of surface adsorption by creating
double layers of opposite charges. They exhibit very less
specific capacitance and energy density. Metal oxides and

conducting polymers undergo redox transitions and attri-
bute pseudocapacitive nature. So, they have high specific
capacitance and energy density, but substandard cycle
life due to expansion-contraction during charge-discharge
(CD) process. Metal oxides have another drawback of
having inferior conductivity. Polyaniline (PANI) is being
evolved as an excellent candidate for supercapacitor elec-
trodes due to its high capacitance, electrical conductivity,
environmental stability, storage ability, and low cost.1-3

The electrical conductivity of PANI comes from the
π-conjugated system and various resonance structure.
PANI has three oxidation states: pernigraniline (fully oxi-
dized), emeraldine base (EB) (half oxidized), and leucoe-
meraldine (fully reduced). Out of all these forms, EB has
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the maximum stability, which has equal number of –
NH– group (reduced amine) and –N═ group (oxidized
imine). In general, it is very less conducting due to a very
large band gap, but can be transformed to a conducting
form (emeraldine salt [ES]) by doping with desired acid.
During the protonation of EB, the polymer backbone gets
charged positively and the surrounding of polymeric
chains are occupied by negative counterions, resulting
PANI ES. This will bring a change in the conjugation
length of PANI and will enhance the conductivity along
with the electrochemical activities significantly.4,5 The
electrochemical performances of PANI can be enhanced
by doping with various protic molecules like DBSA, CSA,
para-toluenesulfonic acid (PTSA), and so forth along
with the use of proper oxidizing agents like (NH4)2S2O8,
K2Cr2O7, K3[Fe(CN)6], and so forth. These dopant acids
contain sulfonate group that is negatively charged and
this group move toward positively charged PANI back-
bone by coulombic attraction. The role of oxidizing agent
is to propagate polymerization reaction by creating free
radicals.6,7

PANI can be synthesized by chemical oxidative poly-
merization, emulsion polymerization, interfacial poly-
merization, electrochemical polymerization, and so forth
of aniline. Out of all the techniques, chemical oxidative
polymerization is extensively used due to the ease of syn-
thesis, yield, cost effectiveness, and better purity of the
products.8,9 Performance of the supercapacitor electrodes
rely on various parameters like oxidant used, dopant
used, monomer to oxidant molar ratio, monomer to dop-
ant molar ratio, pH, polymerization temperature and
time, and so forth. So, it is very essential to find out the
optimized values of these parameters to get an efficient
supercapacitor electrode.10,11 A lot of researches have
been done on the effect of pH, polymerization time and
temperature on the electrochemical performances of
PANI. Acidic pH is favourable for PANI synthesis. Low
synthesis temperature (�40�C to 5�C) gives better yield
and electrochemical properties of the synthesized PANI.
A moderate range of polymerization time of 10 to 24 h
gives better yield during the synthesis of PANI.12-14 In
the current research, we have used PTSA to dope sulfur
in PANI and prepare rod-shaped PANI. We have used
ammonium persulfate (APS) as an oxidizing agent in the
current work. We have also optimized the molar ratios of
oxidant to monomer (aniline) and monomer to dopant
on the basis of electrochemical performances. To the best
of our knowledge, there is no report on the optimization
of aniline:PTSA and APS:aniline molar ratio in such a
wide range. APS is an oxidizing agent which plays a big
role in the polymerization of aniline. So, the ratio is
important as an appropriate proportion can inhibit the
formation of oligomers.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Aniline, nafion, 2-propanol, carbon paper, and conduc-
tive silver paste were purchased from Alfa aesar. PTSA
and APS were taken from Sisco Research Laboratories
Private Limited. All the materials were analytical grade
(ACS grade) and no purification was required before use.

2.2 | Synthesis of PTSA-based PANI

All the PANI samples were synthesized by chemical oxi-
dative polymerization reaction by taking APS as an oxi-
dant (initiator) and PTSA as a dopant. In Table 1, the
experimental molar ratio of aniline:PTSA and APS:ani-
line have been provided. Desired amount of PTSA and
APS were completely dissolved in double distilled water
and kept at 0�C to 4�C along with aniline of required
quantity. Then, ice bath was used to maintain the tem-
perature at 0�C to 4�C throughout the process. Initially,
aniline was released dropwise into the previously pre-
pared PTSA solution followed by stirring for half an hour.
To initiate the polymerization reaction, APS solution was
added tardily to the aniline-PTSA solution. This polymer-
ization process is exothermic in nature; so, a very slow
addition of APS was done not to allow any abrupt rise in
temperature. Initially the solution was brownish in color
and eventually changed to dark green precipitates after
complete addition of APS solution. The resulting mixture
(precipitate) was stirred for 1 h, kept in a refrigerator for
12 h followed by vacuum filtration and vacuum drying at
60�C for 5 h.15 Figure S1a,b represent the experimental
set-up for synthesis and different redox states of PANI.

2.3 | Electrode and supercapacitor
fabrication

Copper wire was taken to be used as a current collector
with one site flattened and keeping the other side as it
was. The flattened side was connected to a carbon paper
substrate by using conductive silver glue. A homoge-
neous slurry of 5 mg PANI, 12 μL nafion, 0.2 mL of
2-propanol was prepared and drop casted on the sub-
strate uniformly. Then the electrode was left in the nor-
mal atmospheric conditions till it was completely dried.
Copper wire was connected to carbon paper substrate
(area 1 cm2) with the help of conductive silver glue. The
active material was drop casted on the carbon paper sub-
strate. The mass loading was kept at 2 mg/cm2. To check
the reliability and stability of the electrodes, symmetric
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supercapacitors were fabricated by taking two equal elec-
trodes (as anode and cathode), Whatman filter paper as
semipermeable membrane, and potassium hydroxide
(KOH) as electrolyte. Schematic of the electrode and
supercapacitor have been provided in Figure S2a,b.

2.4 | Electrochemical and material
characterizations

The main purpose of this work is to find out the best
molar ratio of the constituents (APS:aniline and aniline:
PTSA) on the basis of their electrochemical attributes. So,
we performed cyclic voltammetry (CV), CD, electrochem-
ical impedance spectroscopy (EIS) of all the samples.

Then, we did the material characterizations of the best
three and the worst two samples to correlate the electro-
chemical behavior with the microstructure.

The electrochemical testing was executed for the elec-
trodes (three electrode configuration) and symmetric
supercapacitors (two-electrode configuration) in 1 M
KOH electrolyte with the help of VersaSTAT3. In the cell
system, we took active material based electrode/
supercapacitor as the working electrode, platinum elec-
trode was taken as counter electrode which helps in com-
pleting the circuit and causes to flow the charges,
Ag/AgCl electrode was taken as reference electrode
which provides controlled and stable potential to the
working electrode. CV and CD was done at 5 mV/s and
1 mA, respectively. Ten millivolts of AC amplitude was

TABLE 1 Experimental data and electrochemical outputs of all the systems

Samples
Aniline:
PTSA

APS:
Aniline

(CV 3E)
CSP (F/g)

(CV 2E)
CSP (F/g)

(CD 2E)
CSP (F/g)

%
CE

ES

(Wh/kg)
EP

(W/kg)
RCT

(Ω)
%
Retention

PA1 1:2 1:1 141.22 41.85 36.64 84.13 5.08 124.75 23 75.13

PA2 1:0 1:1 135.78 38.37 33.69 84.13 4.67 124.75 20 74.55

PA3 2:1 1:1 159.74 46.26 41.31 85.12 5.73 124.81 11.1 76.16

PA4 4:1 1:1 152.54 42.3 38.52 84.48 5.35 124.97 13.2 75.67

PA5 1:2 1.05:1 112.2 29.89 26.37 81.08 3.66 124.86 69 68.16

PA6 1:4 1.05:1 102.54 27.06 20.78 78.93 2.88 124.7 79.2 62.97

PA7 2:1 1.05:1 125.62 37.66 31.58 81.97 4.38 124.81 42 73.09

PA8 4:1 1.05:1 115.24 33.72 29.11 81.97 4.04 124.9 56 71.3

PA9 1:2 1.1:1 172.62 53.45 45.02 85.94 6.25 124.92 7.5 78.61

PA10 1:4 1.1:1 163.31 47.34 43.34 85.71 6.02 124.99 21 77.23

PA11 2:1 1.1:1 187.79 60.83 52.58 87.67 7.3 124.94 8.3 79.65

PA12 4:1 1.1:1 179.08 56.46 49.69 87.01 6.9 124.96 6.1 79.17

PA13 1:2 1.15:1 207.33 75.19 57.16 88.33 7.93 124.85 7.1 80.81

PA14 1:4 1.15:1 197.4 71.3 55.31 88.33 7.68 124.94 8.7 80.26

PA15 2:1 1.15:1 220.79 81.07 60.79 89.67 8.44 124.95 13.8 81.52

PA16 4:1 1.15:1 215.24 78.66 57.64 89 8 124.9 10.6 81.13

PA17 1:2 1.2:1 239.58 88.64 66.73 91.72 9.26 124.88 6.7 83.58

PA18 1:4 1.2:1 229.66 87 63.78 90.35 8.85 124.87 14.5 82.02

PA19 2:1 1.2:1 256.83 97.79 71.26 93.11 9.89 124.89 7.7 85.93

PA20 4:1 1.2:1 251.42 93.18 69.49 92.41 9.65 124.97 8.7 84.76

PA21 1:2 1.25:1 285.44 106.86 77.94 95.23 10.82 124.93 3.9 87.63

PA22 1:4 1.25:1 274.9 104.54 75.86 94.52 10.53 124.92 4.2 87.06

PA23 2:1 1.25:1 301.49 119.84 82.22 95.95 11.42 124.99 3.1 88.97

PA24 4:1 1.25:1 289.87 111.7 80.52 95.95 11.18 124.95 3.6 88.13

PA25 1:2 1.3:1 246.92 91.26 67.79 92.41 9.41 124.91 5.7 84.19

PA26 1:4 1.3:1 236.47 87.61 62.78 91.03 8.71 124.86 8.8 82.46

PA27 2:1 1.3:1 261.34 99.79 72.78 93.81 10.1 124.88 4.6 86.21

PA28 4:1 1.3:1 255.66 96.95 70.85 93.11 9.84 124.99 6.5 85.43
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given over a frequency of 0.1 Hz to 100 kHz to execute
EIS. The electrochemical performances at various con-
centrations have been provided in the Figure S12. In
comparison to 0.5 and 2 M, 1 M concentration exhibited
better CD behavior; so, we have taken 1 M KOH for fur-
ther studies.

Crystalline natures of the synthesized materials were
examined by Rigaku MiniFlex 600 desktop X-ray diffrac-
tion (XRD) system at 5�/min between 2θ = 10� to 70�

keeping λ = 0.154 nm. Nicolet iS5-Thermo Electron Sci-
entific Instruments LLC was used to run Fourier trans-
form infrared (FTIR) spectroscopy and recognize the
functional groups existing in the material. Nova Nano-
SEM 450 (FEI Company of USA [S.E.A] Pte, Ltd) was
used to perform microstructural analysis of PA23 by
field-emission scanning electron microscopy (FESEM)
technique. Elemental percentages of the constituents
were estimated by EDS analysis performed by “Team
Pegasus Integrated EDS-EBSD with octane plus and
Hikari Pro equipped with the SEM machine”. The micro-
graph of PA23 was captured by high-resolution
(HR) transmission electron microscope (TEM) (Tecnai
G2 20 TWIN; FEI Company of USA [S.E.A] Pte, Ltd) to
obtain morphology of the synthesized composite. Phase

identification of the components in the composite was
accomplished by the selected area diffraction (SAED) pat-
tern. Scanning probe microscopy or atomic force micros-
copy (AFM) was performed by NTEGRA prima to
observe the surface roughness of the samples. Disc
shaped pellets having 1-cm diameter was prepared and
the measurements were executed at ambient pressure.
The surface was scanned at a wide scanning area of
60 μm � 60 μm and the obtained data were analyzed by
Nova Px software. The rheological study was carried out
by MCR 72 (Anton Paar) at room temperature. The fre-
quency sweeps were done at the shear rate range of 0 to
100 rad/s.

3 | RESULTS AND DISCUSSION

3.1 | Electrochemical characterizations

CV of all the electrodes and supercapacitors were done
at a potential scan rate of 5 mV/s and the stability
potential window was found to be 1 V (�0.2 to 0.8 V).
Figure 1A-D demonstrate the CV plots of the working
electrodes in three electrode systems. Similarly,

FIGURE 1 CV in 3E (three electrode) configuration
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Figure 2A-D represent the CV graphs of the fabricated
supercapacitors. We applied a potential difference of 1 V
and current was generated according to the conductivity
of the active material. It can be seen that maximum cur-
rent was generated for PA23 and the least current was
generated for PA6. Table 1 contains various electro-
chemical properties of all the systems. In case of PA6
the ratio of APS:aniline (1.05:1) is low in compared to
PA23 (1.25:1); so, there could be a possibility of the gen-
eration of more oligomers in PA6, which in turn restrict
the flow of charges into the active sites due to discontin-
uous electrical network. In the synthesis process PTSA
is used as a doping agent and its excessive loading could
block the pores. In PA23 sample the aniline to PTSA
ratio was kept at 2:1, which must be favoring the crea-
tion of proper texture of the sample. It is evident from
the FESEM images that PA23 has a more uniform mor-
phology than other samples, this could be the reason
behind its excellent electrochemical behavior. In all the
systems we can observe three redox peaks for PANI at
approximately 0.27 V/0.19 V, 0.58 V/0.48 V, and
0.74 V/0.61 V.16 The oxidation peak at 0.27 V is due to
the conversion of leucoemeraldine salt to ES. At 0.58 V,
degraded by products like benzoquinone/hydroquinone

are formed. At 0.74 V potential, ES gets converted to
pernigraniline (Figure S1b).

Equations (1) and (2) are used to calculate the specific
capacitance from the CV data.

CSC,3E ¼

Z
I�dV

M�ν�ΔV
, ð1Þ

CSC,2E ¼

Z
I�dV

MT�ν�ΔV
, ð2Þ

CSC,3E and CSC,2E are the specific capacitances of three-
and two-electrode systems (in F/g), respectively.

R
I�dV

is the area under cathodic scan, M refers to the mass of
individual electrode (mg), MT is the sum of both elec-
trodes, ν stands for the scan rate (in mV/s), and ΔV is the
stable potential range (V). The calculated specific capaci-
tance is the highest for PA23 in three- and two-electrode
systems, that is, 301.49 and 119.84 F/g. So, on the basis of
CV PA23 has the best ratio of the constituents.

CD of the supercapacitors were carried out at 1 mA
(Figure 3A,B). All the systems have almost symmetric

FIGURE 2 CV in 2E (two-electrode) configuration
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(triangular) plateaus and the linearity resembles excellent
electrochemical reversibility. During the discharging pro-
cess no potential or IR drop was observed, which suggests
very less loss of the internal energy during probable elec-
trochemical reactions. This suggests that the systems
have low internal resistances; so, during the CD process
less energy is wasted which truncate the generation of
unwanted heat.17,18 In case of all the PANI samples, the
charging-discharging curves are almost symmetric. But
they show different specific capacitances, which could be
attributed to the presence of oligomers due to incomplete
polymerization at inappropriate ratio of APS:aniline or
aniline:PTSA.

Equation (3) is used to calculate the specific capaci-
tance from CD plots.

CSC,2E ¼ I�TD
MT�ΔV

, ð3Þ

where I and TD are the discharging current (mA) and dis-
charging time (s), respectively. The specific capacitance
obtained from CD data is the highest for PA23 and the
lowest for PA6, that is, 82.22 and 20.78 F/g, respectively.

In case of supercapacitors, the specific capacitances
decrease with the increase in scan rate and current.
Figure S13 shows the CV plots at different scan rates of
50 and 100 mV/s. From Table S1, it can be seen that
the specific capacitance is decreasing with the increase
in scan rate. Similarly, at higher current the specific
capacitance decreases and the corresponding graphs
have been provided in Figure S14. At higher scan rate
and current, the electrolyte ions do not get enough time
to react with the redox species; so, they could not
underdo desirable redox transitions which directly put
negative effect on the electrochemical performances of
the systems (decreased capacitance). Since, energy den-
sity is directly proportional to the specific capacitance
of the system, we get less energy density at higher
current.

Figure S15 gives an idea about the change in EDLC
and pseudocapacitance contribution with the change in
scan rate. It can be observed that with the increase in
scan rate, the EDLC contribution increases as the desir-
able redox transitions could not happen at higher scan
rate due to the less residence time of the electrolyte ions
at the active sites.

FIGURE 3 (A and B) Charging-discharging behavior, (C) coulombic efficiency, and (D) Ragone plot in 2E configuration
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From the charging and discharging time we have cal-
culated the coulombic efficiencies (CEs) of the devices
(Equation 4). Coulombic (Faradaic) efficiency resembles
the efficiency with which electrons (charges) are trans-
ferred in a device to facilitate the desired electrochemical
reactions. From Figure 3C we can see that PA23 has the
highest CE of 95.95% and PA6 has the lowest CE of
78.93%. From TD (discharging time) and TC (charging
time), the CE was calculated.

η %ð Þ¼TD
TC

�100: ð4Þ

For practical applications, measurement of specific
energy (SE) and power (SP) are necessary. Specific energy
is the efficiency of a device to store charge and specific
power represents its quickness to deliver the stored
charge. Equations (5) and (6) are used to calculate the SE
and SP of the device. PA23 has the highest SP and SE of
124.99 W/kg and 11.42 Wh/kg, respectively (Figure 3D).

SE ¼ 1
2
CSC,2EV

2, ð5Þ

SP ¼ SE
TD

, ð6Þ

where SE is specific energy (Wh/kg) and SP is specific
power (W/kg).

During charging and discharging process of these
conducting polymers, the polymer backbones undergo
immense stress due to continuous expansion and con-
traction. They must be capable of bearing the sudden
change in their structure to avoid pore ruptures which
could destroy their electrical connectivity and hinder the
proper tunnelling of electrolyte ions to the electro active
sites.19,20 In the FESEM micrographs, we can observe
that the PA23 sample has a more uniform surface mor-
phology than the other samples. Due to the uniformity,
electrolyte ions must be getting proper channels for the
smooth movement through the interior of the active
material, which could be the probable reason for better
capacitance, CE, specific power, specific energy in case of
PA23. PA23 has APS to aniline ratio of 1.25:1 and aniline
to PTSA ratio of 2:1; these proportions of the constituents
must be avoiding the formation of unwanted oligomers

FIGURE 4 EIS plots of all the electrodes
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and favoring complete polymerization with outstanding
uniformity.21,22 The unvarying and regular structure can
withstand any abrupt change in the polymer backbone
and could provide better stability to the system.

EIS was carried out for the evaluation of the imped-
ances of the electrodes (Figure 4). The real part in EIS
plot demonstrates the resistive behavior and imaginary
part resembles capacitive nature of the system. The first
intercept of the quasi semicircle in the real Z-axis is the
equivalent series resistance (RS), which is the combina-
tion of resistances coming from current collector, sub-
strate, electrolyte, and so forth. Diameter of the
semicircle resembles the charge transfer resistance (RCT)
of the electrode, which is the contribution of interfacial
and bulk resistances, and normally observed at higher
frequency region. The steep line in the low frequency
region is the signature of Warburg resistance, which is
generated due to the interruptions caused during diffu-
sion process because of abrupt uniformity and porosity of
the samples.23,24 PA23 has the least charge transfer resis-
tance of 3.1 Ω and PA6 has the largest RCT of 79.2 Ω.
When electrodes are immersed in the electrolyte (KOH),
the ions start migrating from the bulk solution to the

electro active sites of the materials. Materials with uni-
form structure favor easy tunnelling of the electrolyte
ions and they (ions) get less resistance during the diffu-
sion process. The inset in Figure 4D represents the equiv-
alent circuit (EC) that fits to our systems. We have
simulated the EIS data in ZSimpWin to fit them with
probable equivalent electrical circuit (EEC) and they
have been given in Figure S3. The EEC has two capaci-
tive elements, one constant phase element (CPE), and
four resistive elements. RS is the combined resistances
coming from the electrolyte, current collector, and sub-
strate. CDL and RCT are in parallel combination, where
CDL is the EDLC and RCT is the charge transfer resis-
tance.16,25 All the systems are deviating from the ideal
capacitor behavior as the plots in the lower frequency
regions are not parallel to the Z-imaginary axis. So, a
CPE, Q has been introduced in the EC. The resistive ele-
ment associated to the CPE arises from the diffusion pro-
cess, which takes place at the interface of the porous
electrode-electrolyte. Electrode materials having nonuni-
form pore dimensions create such kind of diffusion resis-
tances. The straight line in the low frequency region
signifies ideal polarizable capacitance known as the mass

FIGURE 5 Frequency vs jZj plots
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capacitance (CL). But the inclination of this line suggests
that CL is associated to a resistance, which is called as
leakage resistance (RL).

15,26

From Figure 5 we can see that the total impedance
of all the systems are maximum at low frequency, they
decrease with the increase in frequency, and become
almost constant at high frequency. At lower frequen-
cies, the electrolyte ions tend to migrate from the elec-
trode surface to the porous texture of the electrodes.
These pores contribute to the capacitive and resistive
nature resulting a higher impedance. On contrary to
this, at higher frequencies, the electrolyte ions may be
limited till the surface or just penetrate through the
opening of the pores, creating less impedance.27,28 PA23
has the least net impedance of 11.6 Ω at the low fre-
quency region and PA6 has the highest net impedance
of 248 Ω at the respective region. This suggests that the
migration of electrolyte ions offer less hindrance in case
of PA23.

The admittance plot has a knee, which is the transi-
tion point between high frequency and low frequency
region. The knee frequency (fk) represents the maximum
value of frequency at which capacitive nature is dominat-
ing, and it resembles the power performances of

supercapacitors. In other words, we can say that knee fre-
quency is the upper limit below which capacitive nature
can be regulated properly and the stored energy can be
fully accessed.29,30 Therefore, a higher value of fk is
always desirable. Knee frequencies of the samples are
obtained from the admittance plot (Figure 6A-D), and
Table 2 contains values of fk and the corresponding relax-
ation time (τr). On the basis of specific capacitance
obtained from CV and CD, CE, specific energy, specific
power, charge transfer resistance PA23 has been found
out to be the best sample. So, we have taken three best
and two worst sample into consideration for the knee fre-
quency study. PA23 and PA6 have the highest and the
lowest fk of 251 and 50 Hz, respectively. The correspond-
ing relaxation time for PA23 and PA6 are 4 and 20 ms,
respectively. These data indicate that for PA23 the stored
energy can be accessed effectively till 251 Hz and for PA6
as high as 50 Hz. Lower knee frequency indicates higher
charge transfer resistance. In the Nyquist plot
(Figure 4A), we found that PA6 had the highest charge
transfer resistance of 79.2 Ω; so, it is logically justified if
we are getting lower knee frequency for PA6. Similarly,
lower relaxation time of PA23 indicates that it can show
capacitive nature more quickly than other samples.

FIGURE 6 Admittance plot
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Figure S4 represents the frequency vs admittance (jYj)
plot of PA5, PA6, PA21, PA23, and PA24. All the elec-
trodes have low admittance in the low frequency part
and increased with rise in frequency. At the low fre-
quency, more charges accumulated at the electrode-
electrolyte interface leading to the diminution of mobile
ions, and the admittance decreased. However, at higher
frequency, the mobility of ions (charge carriers) increased
and therefore, the admittance also increased with
increase in frequency.15,26

CV of the fabricated electrodes was carried out at
200 mV/s for 2000 cycles to evaluate their percentage
capacitance retention (Figure 7). During the charging
and discharging process, the polymer backbone experi-
ences tremendous expansion and contraction, which
degrade the cycle life of the corresponding electrode.
Complete polymerization and perfect crosslinking could
help the polymer backbone to withstand the abrupt volu-
metric changes by providing a robust structure and could
potentially prevent the polymer degradation.15,31 PA23
has the highest capacitance retention of 88.97% and PA6
has the lowest retention of 62.97% after 2000 cycles. So,
we can propose that the ratio of APS:aniline and aniline:
PTSA taken for PANI synthesis are optimized for PA23
on the basis of electrochemical characterizations.

In Table 3 we have provided a brief comparison
between the systems fabricated by us and the previously

studied PANI-based systems. Multiple parameters like
specific capacitance, power density, energy density, CE,
charge transfer resistance, CE, and so forth are taken to
decide the best material for energy storage.

3.2 | Material characterization

3.2.1 | Morphological analysis

During the polymerization reaction, PTSA plays the role
of dopant as well as surfactant. PTSA forms micelles in
aqueous solution due to the existence of hydrophilic and
hydrophobic groups like –SO3H. When we add aniline to
PTSA solution, a complex is formed due to the interac-
tion between –NH2 group of aniline and –SO3H group of
PTSA, and the complex acts as the nucleation site for the
growth of PANI having different structures.47 During the
oxidative polymerization of aniline, when we add APS, it
turns to PANI EB which does not contain any charged
molecule and the molecules form aggregates. After add-
ing desired amount of APS, EB gets converted to ES and
two different cases may arise. Case 1: Cationic nature of
PANI ES prevents the molecules to aggregate due to elec-
trostatic repulsion between them. Case 2: Formation of
excessive oligomers, incomplete polymerization, and par-
tial doping of PANI ES could create aggregation due to

TABLE 2 Various values obtained from the electrochemical testing for the best three and the worst two systems

Sample jZj at low frequency (Ω) Knee frequency (Hz) Relaxation time (ms) RCT (Ω)

PA5 227 79 12.6 69

PA6 248 50 20 79.2

PA21 16.4 125 8 3.9

PA23 11.6 251 4 3.1

PA24 14 159 6.3 3.6

FIGURE 7 Cycle life after 2000 cycles
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the attraction between undoped sites.48 Figure S5 demon-
strates the FESEM images of PA5, PA6, PA21, PA23, and
PA24. In PA5 and PA6, we can see that the particles of
PANI have been agglomerated. The large extent of
agglomeration must be obstructing the seamless move-
ment of electrolyte ions to the active sites; therefore,
these samples exhibit inferior electrochemical properties.
PA23 is consisting of uniform structures, which must be
providing better electrical connection during the electro-
chemical activities, thereby exhibiting enormous electro-
chemical properties. PA24 possess rod like structures
along with few agglomerations. PA21 has agglomerated
structures along with threads connecting the agglomer-
ated large particles. At PANI:PTSA ratio of 2:1 and APS:
aniline ratio of 1.25:1, there might be less oligomers pre-
sent in the material; thereby, prohibiting any agglomera-
tion which provides more uniformity than other samples.
The ordered structure could be driving the electrochemi-
cal performances in case of PA23. From EDS (Figure S6),
we confirm successful doping of sulfur in PANI. In PA5,
PA6, PA21 the amounts of PTSA are higher compared to
PA23 and PA24. From the electrochemical testing we
exhibited that PA23 has the best electrochemical proper-
ties. So, it must be kept in mind that an optimized level
of doping is required for outstanding electrochemical per-
formances. The elemental mapping has been given in

Figure S7 and it shows that PA5, PA6, and PA21 has
more sulfur than PA23 and PA24 at a particular region,
which justifies the EDS results and the proportion we
have taken during material preparation. TEM plots of
PA23 have been given in Figure S8. The HR image shows
agglomeration of rod and some irregular shaped struc-
tures. The SAED pattern exhibits diffused rings, which
could be due to the broad diffraction pattern of PANI.

Figure S9 shows the 2D (a) and 3D (b) surface rough-
ness, 2D grain boundary (c) obtained from AFM analysis
for PA23. The root mean square and average roughness
were found to be 162 and 126 nm, respectively. This
roughness would have arisen due to the grain formation
and porosity of PANI. Roughness and cracks play a vital
role in the movement and trapping of electrolyte ions
during the electrochemical processes, which help in
accessing more active surface area.49,50 It must be noted
that the roughness parameters were captured from scan-
ning area of 60 � 60 μm2, and they may give different
results depending upon the scan area.

3.2.2 | Rheological study

Figure S10 represents the rheological behavior of PA23.
In general, a coating can last longer if the material

TABLE 3 Information about few

conducting polymer-based

supercapacitor electrodes and their

electrochemical properties

Material CSP (F/g) ν or Aρ Cycle life Reference

PANI Nanosheet 272 1 A/g 50% (3000) 32

PANI Nanorod 286.7 1 mV/s 41% (1300) 33

PANI-SA Hydrogel 252 0.5 A/g 71% (1000) 34

PANI Aerogel 184 0.5 A/g 74% (1000) 35

PANI-HCl 70 1.25 mA/cm2 57% (1000) 36

PANI on CNF 264 5 mV/s NR 30

PANI-LiPF6 80 2 mA/cm2 75% (5000) 37

PANI/Fe3O4 213 1 mA/cm2 NR 38

PPY-SWNTs 144 200 mV/s NR 39

PEDOT on PPY 230 2 mV/s 95% (1000) 29

AC/PANI 273 50 mV/s NR 40

PEDOT 100 5 mV/s 80% (5000) 41

MWNT/PANI 360 5 mV/s 92% (1000) 42

PANI-CNF 264 5 mV/s NR 30

PANI-NFs 267 0.35 A/g 86% (1000) 43

PANI-AB 132 0.3 A/g 91% (100) 44

PANI-CNT 144 5 mV/s 92.3% (200) 45

PANI-Bamboo 244 0.5 A/g 92% (1000) 46

PTSA based PANI 301.49 5 mV/s 88.97% (2000) Present work
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exhibits non-Newtonian behavior, that is, dependant on
the shear rate. It can be seen that the viscosity is decreas-
ing with increase in shear rate till 10 s�1, that is, PA23
exhibited shear thinning property in that range. After
10 s�1, shear rate has no effect on the viscosity. The shear
thinning property of PA23 could help it to stick to the
substrate for a longer time, thereby enhancing the cycle
life.51

3.2.3 | X-ray diffraction

From all the electrochemical characterizations, we found
that PA5, PA6 showed inferior electrochemical properties
and PA21, PA23, PA24 exhibited excellent activity. So,
we performed XRD of all the above-mentioned samples
to find out their crystalline nature (Figure S11). In litera-
ture, it has been reported that PANI exhibit semicrystal-
line nature, which could be due to the chain folding of
PANI chains in a systematic manner.52 The low crystal-
linity of PANI could be due to the presence of repeated
quinoid and benzenoid rings in the PANI chain.53 All the
samples have almost same diffraction patterns and the
peaks are positioned at 14.79�, 20.33�, 25.22�. The peak at
20.33� and 25.22� could be due to the parallel and per-
pendicular periodicity to the conducting PANI chains.
The characteristic peaks at 20.33� and 25.22� are because
of (020) and (200) planes of PANI. The diffraction peak at
14.79� is due to the existence of (011) plane. Scherrer's
formula (Equation 7) is used to calculate the average
crystallite size, and the estimated crystallite sizes of PA5,
PA6, PA21, PA23, and PA24 are 3.1, 3.32, 1.48, 1.32, and
1.46 nm, respectively. In general, materials having smal-
ler crystallite sizes offer more active sites for electrochem-
ical reactions due to higher dislocation density along
with broader grain boundary.54

D¼ Sλ
βcosθ

, ð7Þ

where D is crystallite size (nm); λ is the wavelength
(1.54 Å); S is the shape factor (0.94); β is the full-width at
half maxima (in radians); and θ is Bragg's angle.

3.2.4 | Fourier transform infrared

FTIR was done to identify the existing functional groups
in the samples, and Figure 8 represents the correspond-
ing information. Transmittance at 505.75 cm�1 could be
due to the C–Br bond as KBr was taken as a binder while
preparing pellets. The spectrum at 613.75 cm�1 could be
due to the unsymmetric stretching of S–O groups in
PANI-PTSA.55 Peak at 797.12 cm�1 could have been due
to –CH deformation. A broad spectrum at 1104.81 cm�1

resembles stretching vibration of –N═Q═N–. Transmit-
tance at 1297.75 cm�1 could have happened due to the
stretching of C–N and C–N+, which could be linked to
protonation during the polymerization process of PANI.
Transmittance at 1562.68 and 1477.75 cm�1 are ascribed
to quinoid and benzenoid ring stretching vibrations,
respectively. NH and NH2

+ groups present in PANI pro-
duce stretching vibrations at wavenumbers of 2927.31
and 3431.31 cm�1. The –OH stretching vibration would
have created the transmittance spectrum at
3211.93 cm�1.17,56

4 | CONCLUSION

We have successfully synthesized PTSA-based conducting
PANI for supercapacitor electrode applications. The pri-
mary aim was to find out the optimized ratio of APS:ani-
line and aniline:PTSA based on the electrochemical
performances of the fabricated electrodes. PA23 exhibited
excellent electrochemical properties, which has APS:ani-
line ratio of 1.25:1 and aniline:PTSA ratio of 2:1.
PA23-based supercapacitor has the highest value of spe-
cific capacitance, specific energy, specific power, and CE
of 82.22 F/g, 11.42 Wh/kg, 124.99 W/kg, and 95.95%,
respectively. It offers very low charge transfer resistance
of 3.1 Ω during the electrochemical processes. The cycle
life of PA23-based system is the largest among all, which
is 88.97% retention after 2000 cycles. The robust electro-
chemical behavior could be due to the uniform rod-
shaped morphology of the corresponding system, which
might be providing seamless movement of the electrolyte
ions to the electrochemical active sites along with proper
electrical connection. So, PA23 based sample has the
optimized proportion of the constituents. It can be

FIGURE 8 FTIR of PA5, PA6, PA21, PA23, PA24
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proposed that APS:aniline has more contribution than
aniline:PTSA as APS works as an initiator for the poly-
merization of aniline.
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