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Abstract: Polyaniline (PANI) is a promising conductive polymer for use in energy storage applications.
Here, a one-step hydrothermal method of PANI polymerization on carbon felt electrode was synthesized
using an azo dye, a bisulfonated dichloro anionic dye molecule to enhance an efficient textile-based
flexible  supercapacitor  electrode  material  for  energy  storage  applications.  The  electrode  material
synthesized at concentration of 2 mM AY17 exhibits 814.1 F g -1 at the scan rate of 5 mV s-1 with
multiwall carbon nanotubes (MWCNTs). Due to electrostatic interaction with the polymer, the presence
of  high  electronegativity  Cl  atoms  in  the  dye  molecule  significantly  improves  the  PANI  structure's
electron donor/acceptor properties. A symmetric supercapacitor exhibits an energy density of 11.7 W h
kg−1 at a power density of 300 W kg−1, and it is 4.5 W h kg−1 at 1800 W kg−1 in 3.0 M KCl aqueous
electrolyte.  The capacitance retention performance value of  the symmetric  supercapacitor  exhibited
81.76% after 2500 cycles. 
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INTRODUCTION

The  fast  charge/discharge  capabilities  and  high
energy-power density of supercapacitors are good
alternatives for energy storage devices (1). Electric
double-layer  capacitors,  pseudocapacitors,  and
hybrid capacitors with both can be classified based
on  their  energy  storage  system  (2).  In
pseudocapacitors, a redox process occurs to store
the  charge,  while  in  EDLCs,  charges  are
electrostatically  accumulated  at  the
electrode/electrolyte  interface  (3).  In  hybrid
supercapacitors, these two events co-occur on the
electrode surface. Pseudocapacitors are commonly
made of conductive polymers (CPs), and transition
metal oxides/hydroxides (4). Carbonous materials
is  frequently  used  for  EDLCs  (5).  Carbon-based
materials or additives with redox behavior can be

used to achieve high specific capacitance and long-
cycling life for electrode materials (6). 

PANI has unique properties in conducting polymers
and  easy  polymerization.  It  has  attracted  some
applications  such  as  sensors,  electronic  devices,
corrosion  inhibitive  materials,  energy  storage
materials,  and  photonic  devices  (7).  The
polymerization of PANI, the aniline monomer exists
in one of three oxidation states: leukoemeraldine,
emerald, and pernigranilin. The fully oxidized form
of  PANI  is  known  as  pernigranilin.  The  totally
reduced form of PANI is known as lecomeraldine,
and half of the oxidized PANI is reduced to emerald
(8).  The  physical/chemical  properties  of  PANI-
based  supercapacitors  can  be  significantly
improved by doping process, and there are many
studies  combining  carbon  nanotubes  and
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carbonaceous materials such as graphene for their
use  in  supercapacitors  (9–11).  The  various
compounds  are  utilized  as  dopants  in
supercapacitor  electrodes  as  redox  active
chemicals, resulting in higher specific capacitance
and  energy  density.  Furthermore,  when  the
conductive polymer structure is doped with large
anions,  since  the  polymer  is  immobile  in  the
matrix, small electrolyte cations are involved in the
charging/discharging process without large volume
changes. Thus, the cyclic stability of the polymers
is improved (3). The strong contact between the
functional  groups  of  the  dye  molecules  as  a
counterion  and  the  PANI  improves  capacitance
performance (12). Dye molecules' anionic sulfonic
groups interact electrostatically with the positively
charged  polymer  structure.  When  previous
research  is  examined,  there  are  very  few
supercapacitor studies that have been studied with
dye  molecules.  Q.  F.  Lu  et  al.,  reported  the
capacitance  value  of  579  F/g  a  dye-functional
graphene/PANI  (rGAP)  electrode  at  the  current
density  of  0.5  A/g  in  1  M  H2SO4 electrolyte
solution. It has also been reported that 75% of the
capacitance retention after 2000 cycles (13). With
Alizarin Red S dye, Quanlu Wang et al. achieved a
capacitance value of  461 F/g at  0.5 A/g current
density  (14).  PANI  doped  with  Prussion  blue
supercapacitor  electrode  was  successfully
constructed by Y. Xueying et al., that reported a
specific  capacitance  of  218.4  F/g  at  a  current
density  of  5  A/g.  After  2000  cycles,  they
discovered that it  had retained 94 percent of its
capacitance (15). 

The  dyes  used  as  energy  storage  materials  in
previous  studies  generally  contain  metals  with
redox behavior  consisting of  ring  structures  that
provides  electron  delocalization,  and  also
molecules with the highest degree of dissociation,
such as sulfonic acid groups, are beneficial. Here,
acid yellow 17 (AY17),  because of the functional
groups and the ring structures, assists the electron
delocalization  and  improves  the  capacitance
performance  of  the  electrode  materials.
Furthermore,  the  inclusion  of  strong
electronegativity of Cl atoms in the dye molecule,
which is in electrostatic contact with the polymer,
considerably enhances the electron donor/acceptor
characteristics of the PANI structure (16).

In this study, an energy storage material of textile-
based flexible electrode with a textile dye on multi-
walled carbon nanotubes/polyaniline composite has
been developed. PANI/MWCNT was synthesized on
a carbon cloth electrode as a current collector in
the presence of Acid Yellow 17 (AY17) counterion
carrying an anionic sulfonate group.  Disodium 2,5-
dichloro-4-(5-hydroxy-3-methyl-4-
(sulfophenylazo)  pyrazol-1-yl)  benzenesulfonate,
namely acid yellow 17, is one of  the basic  color

dyes,  textile,  paper,  paint,  pharmaceutical
cosmetics  and  cleaning  materials  such  as
detergent,  soap  (17).   Cyclic  voltammetry,
galvanostatic  charge/discharge,  and
electrochemical  impedance  spectroscopy
experiments were used to investigate the influence
of  the  electrochemical  performance  of
PANI/MWCNT/AY-13(3mM)  as  supercapacitor
electrode in half-cell and full-cell applications.

EXPERIMENTAL

Materials 
Carbon  nanotube  (multi-walled,  50-90 nm
diameter, >95% carbon basis) and Acid Yellow 17
were  purchased  from  Sigma-Aldrich.  Aniline,
FeCl3.6H2O,  HCl,  ethanol  (CH2OH),  nitric  acid
(HNO3,%65), potassium chloride (KCl), and acetone
were  purchased  from  Merck  Schuchardt  OHG
(Hogenbrunn,  Germany).  Carbon  felt  (Cft)  was
provided  by  Mersen  Istanbul  Industrial  Products
Inc. 

Synthesis of AY17 modified PANI/MWCNTs 
To  remove  impurities  on  the  electrode  surface,
carbon felt electrodes were washed with acetone in
an ultrasonic bath for 40 minutes and then dried at
room  temperature  overnight.  After  that,  it  was
soaked in HNO3 and stored at ambient temperature
for  72  hours.  The treated  carbon  felt  electrodes
were rinsed in distilled water until they reached a
neutral  pH,  then  dried  in  a  40  °C  oven.
Hydrothermal  synthesis  was  used  to  make
polyaniline/multi-walled  carbon  nanotubes
(PANI/MWCNTs). After ultrasonically adding 50 mg
MWCNTs to 100 mL of 1.0 M HCl aqueous solution
for 1 hour at room temperature, 10 mmol aniline
was added to the solution. As an oxidant, 25 mmol
FeCl3.6H2O  was  added  to  the  aforementioned
solution  (18,19).  The  prepared  homogeneous
solution and 4.0 × 5.0 cm2 carbon felt electrode
was  added  to the  autoclave  for  hydrothermal
synthesis for six h at 120 ⁰C (20). The electrodes
were then rinsed in 1.0 M HCl solution and distilled
water, then dried for 24 hours at 40 °C. The effect
of counter ion concentration on the supercapacitor
electrode was investigated in the presence of 1.0,
2.0,  3.0,  4.0,  and  5.0  mM AY17 (see Table  1).
PANI/MWCNTs  were  synthesized  with  0.5  mg/L
MWCNTs, and the remainder of the methods were
the same as for PANI.

Characterization

The microstructure of the sample pictures of the
electrode  surface  was  examined  using  a  Zeiss
EVO® LS 10 (SEM) instrument (USA). Bruker Al-
pha-T DRIFT spectrometer with 30° reflection ac-
cessory (M112-06/08) was used to investigate the
chemical structure of electrode material. A SII6000
Exstar TG/DTA 6300 apparatus was used to per-

1296



Yazar S. JOTCSA. 2022; 9(4): 1295-1308.  RESEARCH ARTICLE

form  thermogravimetric  analysis  (TGA)  of  elec-
trode materials. The phase and crystallinity of the
samples were determined using the XRD pattern of
the materials (XRD, PANalytical X'Pert PRO Cu at
45 kV). 

The surface area and pore size volume parameters
were  calculated  using  the  BET  analysis
(Quantachrome  Instruments,  USA).  The  active
mass  coated  on  the  carbon  felt  electrode  was
measured  with  a  balance  (Radwag)  with  an
accuracy of 0.01 mg before and after hydrothermal
synthesis.  The active substance was coated onto
carbon felt at a quantity of 3.0 mg cm-2.

Table 1. The ratio of raw materials used in supercapacitor electrode samples.

Sample MWCNT (mg/L) ANI (mmol) AY17 (mM)
PANI - 10.0 -
PANI/AY17 - 10.0 3.0
PANI/MWCNTs 0.5 10.0 -
PANI/MWCNTs/AY17-1 0.5 10.0 1.0
PANI/MWCNTs/AY17-2 0.5 10.0 2.0
PANI/MWCNTs/AY17-3 0.5 10.0 3.0
PANI/MWCNTs/AY17-4 0.5 10.0 4.0
PANI/MWCNTs/AY17-5 0.5 10.0 5.0

Electrochemical measurements 
At  room  temperature,  the  electrochemical
measurements  of  the  acquired  samples  for  the
half-cell  electrode  system  and  the  symmetric
supercapacitor  device  (full-cell  system)  were
performed  using  an  Ivium  Vertex  Instruments
Potentiostat/Galvanostat (Ivium Technologies B.V,
The  Netherlands).  The  reference  electrode  and
counter electrode for the half-cell system were the
Silver/Silver  chloride  (Ag/AgCl)  electrode  and  Pt
wire,  respectively.  The  working  electrode  was  a
carbon  felt  electrode  coated  with  an  active
substance.

The electrolyte was a 3.0 M KCl aqueous solution.
At room temperature (252°C), the electrochemical
characterizations  were  performed  using  cyclic
voltammetry (CV) at various scan rates, galvanos-
tatic charge/discharge test (GCD) at varied current
densities,  and  electrochemical  impedance  spec-
troscopy (EIS) between 0.01-10,000 Hz. Equations
(1) and (2) were used to compute the specific ca-
pacitance (C, F g-1) of the electrodes based on the
CV and GCD curves, respectively (21,22):

C= 1
mν (V 2−V 1)

∫V 1

V 2
I (V )d V (1)

C= I Δt
mΔV

(2)

where m is the mass of electroactive material;  V1

and  V2  are  the  cathodic  and  anodic  voltage,
respectively.  The  integral  is  calculated  from  the
encircled area by cyclic voltammogram for a given

scan rate ν , ΔV and Δt are the operating potential

and the discharge time by GCD curve, respectively.

The active material for the flexible supercapacitor
electrode  was  inserted  into  the  carbon  felt  (1x1
cm2).  The  sandwich  form  of  supercapacitor  was
created  by  combining  two  identical  flexible
electrodes.  A  symmetric  supercapacitor  was  also
created utilizing a 1.0x1.0 cm2 piece of filter paper
wetted  with  3.0  M  KCl  as  a  separator.  The
following  formulas  can  be  used  to  compute  the
energy density (E) and power density (P) of a half-
cell system (6,23):

E = C×(∆V ) ²
2×4×3.6

(3)

P=3600×E
∆t

 (4)

where C is the specific capacitance (F g-1), ΔV, and
Δt are the operating potential and discharge time
during discharge of the device, respectively.

RESULTS AND DISCUSSION

Material Analysis 
Figure  1a  shows  the  FTIR  spectra  of  PANI
PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3  composite  electrode
material.  All  of  the  spectra's  primary  peaks
revealed the characteristic PANI structural bands.
The typical vibration peak of PANI was found in the
FTIR spectrum at  3374 cm-1 for  N–H stretching,
1563 cm-1 for C C stretching (quinoid rings), 1464
cm-1 for C C stretching (benzenoid rings), 1292 cm-
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1 for C–N stretching (quinoid rings), and 1234 cm-1

for C–N stretching (benzenoid rings). The quinoid
peak  was  a  typical  peak  of  electrical  transport
because it measured the degree of delocalization
of  electrons in the structure.  The peaks at 1563
cm-1 and  1292 cm-1 gradually  migrated  to  lower
wave  numbers  (1559  cm-1,  1232  cm-1)  in  the
PANI/AY17 spectra, with a noticeable increase in
the intensity ratio of the quinoid to benzenoid ring
peaks. When the materials,  including MWCNTs in
PANI/MWCNTs  and  PANI/MWCNTs/AY17-3
composite materials, were tested, the intensities of
these peaks were shown to rise. Because of the
oxidation  effect  of  MWCNTs  introduced  to  the
media,  interactions  between  PANI  and  carbon

nanotubes  may  occur  (24).  In  the  spectrum  of
PANI/MWCNTs/AY17-3, the effect of acid yellow 17
on  aniline  polymerization  was  clearly  seen.  The
asymmetric and symmetric stretching vibrations of
the –SO3 groups were attributed to the peaks at
1118 and 1040 cm-1, respectively (17). For PANI,
PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3, a strong band was observed
at 1069, 1106, 1117, and 1118 cm-1, which was
attributed to N=Q=N (Q, quinoid ring) (25). This
strong peak also showed peaks at 1096 and 1040
cm-1 after  doping with AY17. There would be an
interaction  of  AY17  with  quinoid  diamine  groups
from PANI. 

Figure 1: a) FTIR analysis, b) XRD patterns, c) TGA curves, and d) N2 adsorption-
desorption isotherms of PANI PANI/AY17, PANI/MWCNTs, PANI/MWCNT/AY17-3 composite

electrode material.

Figure  1b  shows  the  XRD  analysis  of  PANI,
PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3.  The  semi-crystalline
polyaniline revealed three strong peaks at distinct
diffraction angles, corresponding to crystal planes

121, 113, and 322 in Figure 1b, indicating that the
majority  of  the  chains  structure  of  the  resultant
PANI was orientated in these three crystal planes
(26).  The  PANI  emeraldine  salt  showed  a  high
peak at 2 = 25.57°, with a minor shoulder at 2 =
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15 and 21, corresponding to the (322), (121), and
(113)  planes  (27).  PANI's  XRD  peaks  showed  a
broad  band  around  25.57°,  which  was  in  good
agreement  with  the  literature.  At  2  =  25.57°,
PANI/AY17 showed a powerful and sharp peak. The
crystal  peaks  for  PANI/AY17  and  PANI/MWCNTs
were similar to those for PANI, showing that the
PANI  structure  did  not  gain  any  additional
crystalline  structure.  PANI/MWCNTs/AY17-3  XRD
peaks  were  around  25.66°.  In  the  case  of
composites, it was discovered that the PANI unit
structure  is  intact,  and  peaks  form  around  the
peak shown in Figure 1b (28). The peaks of the
PANI  and  the  PANI/MWCNTs/AY17-3
nanocomposite  were  quite  similar,  indicating
significant  coverage  of  AY17-doped  PANI  onto
MWNTs substrates (27). The MWCNTs also induced
packing  of  the  polymerization  axis,  thus
maintaining  a  crystalline  arrangement  similar  to
that of PANI in the resulting composite (29).

Figure  1c represents  the  TGA  thermograms  of
PANI,  PANI/AY17,  PANI/MWCNTs  and
PANI/MWCNT/AY17-3,  which  were  performed
under a nitrogen atmosphere. As seen in  Figure
1c, the samples showed weight loss in three main
stages;  The  elimination  of  moisture  absorbed  at
the surface and polymer lattices was linked to the
weight reduction in the first step (30). At 83.5 °C,
PANI lost weight, while PANI/MWCNT/AY17-3 lost
weight  at  101.1  °C.  Due  to  the  elimination  of

counter  ion,  the  TGA  curve  for  PANI  drops
drastically  compared  to  PANI/MWCNT/AY17-3  (a
weight loss of 6.5%), and the amount by weight
was 19.65% in the second phase, and the polymer
itself began to degrade (31,32). Finally, at the end
of the third step, a polymer weight loss of 25.94%
was observed for PANI at 815 °C and was higher
than  PANI/MWCNT/AY17-3  (37.78% at  816  °C).
While  PANI  degrades  at  a  faster  rate  with
temperature,  PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3  samples  were  observed  to
be  more  thermally  stable.  Because  of  the
interaction of  PANI  with  MWCNTs and AY17 dye
molecules,  the  thermal  stability  of  the
PANI/MWCNT/AY17-3  sample  was  increased
compared to pure PANI, as demonstrated by FTIR
and XRD tests. 

The  effect  of  MWCNTs  and AY17  dopant  on  the
porosity  and  specific  surface  areas  of  the
composite on PANI was examined by BET analysis,
as shown in Figure 1d. The specific surface areas
for PANI and the PANI/MWCNT/AY17-3 composite
were  18.29  and  25.77  m2/g,  respectively,
according  to  the  BET study.  The  PANI  electrode
had  a  pore  volume  of  0.042  cc/g,  whereas  the
PANI/MWCNT/AY17-3  composite  electrode  had  a
pore volume of 0.070 cc/g, and all electrodes were
given  in  Table  2. In  energy  storage  devices,
increasing the surface area and pore volume allows
redox active chemicals  in the electrolyte seeping
from the pore volumes to interact more with the
electrode surface, allowing for easier mass transfer
and thus improved energy and power density (33).

Table 2: BET surface analysis of PANI, PANI/AY17, PANI/MWCNTs, and PANI/MWCNT/AY17-3 Electrodes.

Electrode
materials

PANI PANI/AY17 PANI/MWCNTs PANI/MWCNT/AY17

Surface
area/m2/g

18.29 18.56 24.195 25.77

Pore
volume/cc/g

0.042 0.048 0.040 0.072

Figure 2 depicts the surface morphology found in
SEM  images  (a-d).  The  electrode  surface  was
successfully coated with polymer by hydrothermal
synthesis,  and  PANI  gathered  on  the  surface  in
cluster  shapes.  The  polymer  appears  to  be
dispersed on the surface of the fibers in Figures
2a and 2b dispersed on the carbon felt  for  the
PANI  and  PANI/AY17  electrodes.  In  the
polymerization of PANI/MWCNT/AY17-3 on carbon
felt medium, polymers with a larger porous feature
and more compact structures were synthesized. A
continuous  matrix  was  also  developed,  which
enhances  the  porosity  of  the  composite  and
provides  a  large  surface  area  for  good
electrode/electrolyte interface contact. This effect

could indicate that carbon nanotubes interact with
MWCNTs,  allowing  for  improved  PANI  deposition
(34).  In  Figure  2d,  it  can  also  be  shown  that
adding  AY17  to  the  PANI  and  MWCNT  medium
reduces  the  development  of  huge  agglomerated
polymerized  islands  with  unfavorable  growth.
Because the electrode-electrolyte  interaction  was
stronger on such active surfaces, more electrolyte
ions may move during charge-discharge operations
in energy storage devices (35).

Electrochemical Analysis 
Using  cyclic  voltammetry,  galvanostatic  charge–
discharge,  and  electrochemical  impedance
techniques,  the  reversibility  and  redox
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electrochemical  properties  of  PANI  and  its
composite  with  multi-wall  carbon  nanotubes  and
acid yellow 17 as a counter ion were investigated.
Using a half-cell  system in 3.0 M KCl  electrolyte
solution,  the  effect  of  AY17  concentration  on
electrode capacitive performance was investigated
in the range of 1  to 5 mmol/L AY17.  The cyclic
voltammograms,  galvanostatic  charge-discharge
tests,  and  capacitance  values  calculated  from
these tests, as well as electrochemical impedance
measurements, are shown in Figure 3(a-i). PANI,
PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3  were  analyzed  with  the
applied  potential  in  the  range  of  –0.8-0.5 V  in
Figure 3a.  Figure 3a shows the voltammogram
following  the  sequence  PANI/MWCNT/AY17-3  ˃
PANI/MWCNTs  ˃ PANI/AY17˃ PANI at a scan rate
of 100 mV s-1 versus Ag/AgCl reference electrode.
It can be noted that the PANI/MWCNT/AY17-3 and
PANI/MWCNTs composite CV have larger areas of
the  encircled  areas.  The  galvanostatic  charge–
discharge  tests  were  recorded  in  a  potential
window of –0.8-0.5 V at the current density of 8.3
A  g-1.  In  Figure  3b,  the  discharge  times  were
obtained at 17, 19, 46, and 50 seconds in 3.0 M
KCl  electrolyte  solution,  respectively. Figure  3c
shows  the  values  of  gravimetric  capacitances
obtained  from  cyclic  voltammograms  and
galvanostatic  charge-discharge experiments.  At  a
scan rate of 100 mV s-1, the capacitance values for
the  PANI,  PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3 were determined to be 55.0,
90.3, 151.1, and 177.9 F g-1, respectively. At 8.3
current  density,  the  capacitance  values  obtained
from the GCD test were 109.0, 121.8, 301.3, and
320.5 F g-1 for PANI, PANI/AY17, PANI/MWCNTs,
and  PANI/MWCNT/AY17-3,  respectively.  When
MWCNTs  were  added  to  PANI,  the  composite's
specific capacitance rose when compared to PANI.
According to the results of the BET surface area
analysis, this leads to improved pore accessibility
for electrode/electrolyte ion exchange. In addition,
the functional groups of the AY17 dye enabled the
development of redox behaviour of the PANI.  In
addition,  -Cl  bonds,  N-N  bonds  in  the  ring
structure, and sulfonate groups (SO3

-) in the AY17
dye  structure  strengthened  the  delocalization  in
the chain structure, supporting the redox behavior
of PANI (36).

PANI,  PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3  electrode  Nyquist  curves

fitted to a simple circuit model are shown in Figure
3d  (inset  in  Figure  3d).  Table  3  shows  the
impedance values of Rs, Rct, Cdl, and W obtained
after fitting according to the simple circuit model.
The results generated from the EIS analysis have
error  rates  of  less  than  5%.  The
PANI/MWCNT/AY17-3 electrode had the lowest Rs
value, while the PANI electrode showed the highest
Rs  value.  The  Rs  values  of  PANI,  PANI/AY17,
PANI/MWCNTs,  and  PANI/MWCNT/AY17-3
electrodes were determined as 3.978 Ω, 3.458 Ω,
3.412 Ω, and 2.825 Ω, respectively. It  caused a
decrease in Rs and Rct values thanks to functional
groups  such  as  sulfonyl  groups  in  the  AY17
structure, which were added as counter-ions to the
chain  structure  of  PANI.  In addition,  Rs  and Rct
values  were  lower  in  the  PANI/MWCNT/AY17-3
electrode  since  the  benzenoid  structure  of  PANI
was supported by MWCNTs added to the medium
during hydrothermal synthesis. The Rct values of
PANI,  PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3 electrodes were determined
as  4.337  Ω,  4.171  Ω,  3.885  Ω,  and  3.247  Ω,
respectively. Small differences between Rs and Rct
values were as expected since the EIS analyses of
the  electrodes  were  performed  in  the  same
electrolyte. The highest Cdl value was 577.4 e-6,
and  it  belonged  to  the  PANI/MWCNT/AY17-3
electrode  synthesized  together  with  AY17,  and
MWCNTs  added  to  the  medium  during  PANI
synthesis.  MWCNT,  which  improved  the  chain
structure  of  PANI  and  caused  an  increase  in
delocalization in the benzenoid structure of  PANI
thanks  to  its  strong  electronic  structure,  caused
the  Rs  and  Rct  to  be  lower  in  the
PANI/MWCNT/AY17-3  electrode  than  the  other
electrodes and increased the Cdl  value.  Warburg
impedance values  (W) were determined as 308.8
e-6, 333.6 e-6, 476.7 e-6, and 553.5 e-6 for PANI,
PANI/AY17,  PANI/MWCNTs,  and
PANI/MWCNT/AY17-3 electrodes, respectively. The
results obtained in the EIS analyses were also in
agreement  with  the  results  of  the  CV  and  GCD
analyzes  of  the  electrodes.  Here,  the  functional
groups in the AY17 dye enabled the development
of the PANI structure, while the MWCNTs added to
the  medium  with  AY17  reduced  the  resistance
values  of  PANI,  allowing  the  potential  operating
range  to  expand  and  displaying  a  more  stable
charge-discharge feature. 
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Figure 2: The SEM images of a) PANI, b) PANI/AY17, c) PANI/MWCNTs and d) PANI/MWCNT/AY17-3
electrode surfaces.

Figure 3:  a) CVs at 100 mV s-1, b) GCD curves at 8.3 A g-1, c) Specific capacitance from CVs and GCD
test, d) EIS Nyquist curves, the inset is equivalent circuit model, e) Effect of AY17 concentration on
PANI/MWCNTs composite electrode, f) CV measurements of the PANI/MWCNT/AY17-3 electrode at

different scan rates, g) Specific capacitance from CVs of the PANI/MWCNT/AY17-3 electrode, h) GCD
profiles of the PANI/MWCNT/AY17-3 electrode at different current densities, i) Specific capacitance from

GCD test of the PANI/MWCNT/AY17-3 electrode.
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Table 3: Fitted impedance values of PANI, PANI/AY17, PANI/MWCNTs and PANI/MWCNT/AY17-3
electrodes. 

Electrode Material Rs / Ω
Rct / Ω Cdl / F W

PANI 3.978 4.337 245.1 e-6 308.8 e-6

PANI/AY17 3.548 4.171 417.5 e-6 333.6 e-6

PANI/MWCNTs 3.412 3.885 395.6 e-6 476.7 e-6

PANI/MWCNTs/AY17-3 2.825 3.247 577.4 e-6 535.5 e-6

In Figure 3e, the effect of different acid yellow 17
dye concentrations on the supercapacitor electrode
of  PANI/MWCNT  on  the  flexible  carbon  felt  was
investigated using a half-cell system in 3.0 M KCl
electrolyte  solution, –0.8  V-(0.5)  V  vs  Ag/AgCl
operating  potential  window.  An  increase  in  the
encircled  area  was  observed  in  the  CV  of
PANI/MWCNTs/AY17-3,  indicating that  the redox-
active surface area at  the electrode surface was
more accessible  (37,38). As a result, greater ion
interaction  at  the  electrolyte  and  electrode
interface  was  found  to  improve  charge  storage
performance.

The  behavior  of  PANI/MWCNTs/AY17-3
supercapacitor electrodes at various scan rates  of
5,  10,  20,  30,  50,  and 100 mVs-1 was given in
Figure 3f. The composite electrode showed two
double  redox  peaks  (-0.20/-0.11V  and
~0.27/0.35V)  at  the  scan  rate  of  5  mVs-1.  The
conversion of the totally reduced leucoemeraldine
base  to  partially  oxidized  emeraldine  was  linked
with  the  first  set  of  redox  peaks,  whereas  the
conversion  of  emeraldine  to  the  fully  oxidized
pernigraniline form was related with the second set
of redox peaks. (39).  In Figure 5g,  the value of
specific  capacitances  was  814.1,  653.2,  439.8,
292.0, and 177.9 F g-1 at scan rates of 5 to 100
mV  s-1,  respectively,  calculated  by  the  cyclic
voltammograms from  Figure  5f. This  result
showed that  the  PANI/MWCNTs/AY17-3  electrode
has an excellent charge transfer process for energy
storage systems.  The charge-discharge profiles of
the supercapacitor electrode were tested at various
current densities of 6.6, 8.3, 10.0, and 11.7 Ag-1 in
Figure  3h.  The  gravimetric  and  areal-specific
capacitances of GCD test were presented in Figure
3i.  The  specific  capacitances  obtain  at  394.9,
320.5,  276.9,  and  233.3  F  g-1 at  the  current
densities  of  6.6,  8.3,  10.0  and  11.7  Ag-1,
respectively. When we compared the SEM images
of  PANI  and  PANI/MWCNTs/AY17-3  electrode
shown in  Figure 2, the compactness and regular
morphology  of  the  PANI/MWCNTs/AY17-3  coated
on  a  carbon  felt  surface  was  superior  to  the
electrode made with PANI. Furthermore, when the
surface  area  and  pore  volume  features  of
PANI/MWCNTs/AY17-3 and other  electrodes were
examined  using  the  N2 adsorption-desorption

isotherms displayed in  Figure 1d, the increase in
electrode  surface  and  electrochemical  behavior
were found to be consistent with the results. The
morphology  and  electrochemical  behavior  of  the
PANI/MWCNTs/AY17-3  may be resulted from the
electron-rich structure of  disodium 2,5-dichloro-4-
(5-hydroxy-3-methyl-4-(sulfophenylazo)  pyrazol-
1-yl)  benzenesulfonate.  Azo  compounds  enable
electron  delocalization  as  they  contain  both  the
benzene  rings  and  the  two  nitrogen  atoms
connecting the rings (40). The presence of electron
withdrawing  and  electron  donating  electrons  can
be very attractive for the use of these materials in
textile-based  energy  storage  studies. It  also
contains  sulfonic  groups  with  high  protonation
degree and electrical conductivity properties, which
improves the capacitive property of the electrode.
Table 4 shows a literature search of capacitance
values and other supercapacitor parameters using
PANI polymer as the supercapacitor electrode.

The PANI/MWCNTs/AY17-3 electrode was used to
build a symmetric supercapacitor device (full cell).
Figures 4 and 5 illustrate the cell's electrochemical
and capacitive performance in an aqueous 3.0 M
KCl electrolyte solution (a-d). Figure 4a depicted
the  symmetric  supercapacitor's  cyclic
voltammogram at various scan rates ranging from
5 to  200 mV s-1.  The operating potential  of  the
supercapacitor was regulated between 0 and 0.9 V.
Despite the higher scan rates, CV regions in cyclic
voltammograms  showed  some  coherence,
depending on the scan rate. Figure 4b shows the
gravimetric  specific  capacitance values calculated
from the cyclic voltammograms in Figure 4a using
Eq (1). As the scan rate ranged from 5-100 mV s-1,
the  capacitance  value  fluctuated  from  127.9  to
45.0  F  g-1.  Figure  4c  depicts  charge–discharge
testing at  various current  densities ranging from
0.3 to 2.0 A g-1.  The device's gravimetric specific
capacitance  value  was  estimated  using  the  GCD
test  and  Eq  (2).  In  Figure  4d,  the  specific
capacitance decreases from 103.7 to 40.0 F g-1 as
the current density increases from 0.3 to 2.0 A g-
1. At current densities of 0.3, 0.6, 1.0, 1.3, 1.7,
and 2.0 A g-1, IR drop values of 0.03, 0.05, 0.07,
0.09,  0.14,  and  0.15  V  were  obtained  from
discharge curves  at  various  current  densities.  In
the  galvanostatic  discharge  test,  the  electrode
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retained  78.57  percent  of  its  capacitance  in  the
current density range of 0.3 to 1.7 A g-1, indicating

excellent charge transfer and high capacitance.

Figure 4: a) CVs at different scan rates, b) Specific capacitance values from CVs, c) GCD curves at
different current densities, d) Specific capacitance values from GCD of symmetric supercapacitor.

Figure  5a  shows  a  long-life  cycling  test  of  a
symmetric  supercapacitor.  The  capacitance
retention of a symmetric supercapacitor was tested
through 2,500 CV cycles at a scan rate of 200 mV
s-1 with a potential window of 0.9 V. Despite using
only polymeric  and low-cost  components  and an
aqueous electrolyte, the device demonstrated good
capacitance retention of 81.76 percent after 2,500
cycles.  As  the  number  of  cycles  increased,  the
capacitance  value  decreased,  indicating  that
sections of the electrode surface were no longer
accessible to electrolyte ions.

Figure 5b shows the Nyquist curves obtained as a
result  of  the  EIS  analysis  of  the
PANI//MWCNTs/AY17-3  //  PANI//MWCNTs/AY17-3
symmetric  supercapacitor  before  the  long  cycle
test and after 2,500 cycles.  The equivalent circuit
model was presented in the inset of  Figure 5b.

While  the  Cdl  value  of  the  symmetrical
supercapacitor device was 396.5 e-6 before charge-
discharge,  it  decreased  to  289.4  e-6 after  2500
cycles, as expected. According to the Cdl values,
after 2,500 cycles, the PANI//MWCNTs/AY17-3 //
PANI//MWCNTs/AY17-3  symmetric  supercapacitor
largely  preserved  its  capacitance.  The  Warburg
impedance value was initially 417.9 e-6. After 2500
cycles, this value became 356.4 e-6. The decrease
in  the  Warburg impedance value  was caused by
partial  deformation due to ion adsorption on the
electrode  surface  over  time  after  the  long  cycle
test. The difference between the Rs and Rct values
of the symmetric supercapacitor device before the
long  cycle  test  was  lower  than  the  difference
between the Rs and Rct values after 2500 cycles.
After 2500 cycles, the charge transfer resistance
increased as  the ions adsorbed on the electrode
surface and the redox active regions reduced.
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Table 4: The list of the maximum capacitance, electrolyte, and capacitance retention tests for PANI-based electrodes materials and devices.

Electrode materials Electrolyte
Measurement 
type

Max.
Capacitance

Cycling Method Ref

PANI/MWCNT 0.5 M H2SO4 3-electrode
590.7 F g-1 , 50 
mVs-1

500 
(90%)

Chemical synthesis (41)

PANI/MWCNTs
(8 wt%)

PVA/H2SO4, 3-electrode
446.9 F g-1, 40 
mVs-1 10,000 

(84%)
Chemical synthesis (42)

PANI/MWNTs 1.0 M NaNO3 3-electrode 328 F g−1, 5 mA 
cm-2

1,000 
(80%)

CVD/ Chemical 
synthesis

(43)

PANI/CNT - 3-electrode
1266 F g−1, 
1 A g−1

10,000 
(83%)

Chemical grafting 
polymerization (44)

PANI/MWCNT 1.0 M LiClO₄ 3-electrode 174 F g−1, 0.5 A 
g−1

1,000 
(100%)

Chemical synthesis (45)

PANI/MWCNT
1.0 M H2SO4 
PVA/H2SO4/
NQS

3-electrode
2-electrode

1100 F g−1, 5 
mVs-1

-

3,000 
(93%)

Enzymatic synthesis (46)

GNS/PANI 1.0 M H2SO4 3-electrode
532.3 F g−1 ,2 
mVs-1

1,000 
(99%) Hydrothermal synthesis (20)

Graphene/MnO2/PANI 1.0 M Na2SO4 3-electrode
305 F g-1 , 
1 A g−1 1,000 

(90%)
Hydrothermal synthesis (47)

PC-Cs/CNTs/PANI 6.0 M KOH
3-electrode
2-electrode

767 F g-1 , 1 A g−1

102.5 F g−1,0.5 
A g−1

5,000 
(88%) Chemical synthesis (48)

PANI//MWCNTs/AY17-3 3.0 M KCl
3-electrode
2-electrode

814.1 F g-1, 5 
mVs-1

127 F g-1, 5  
mVs-1

2,500 
(82%)

Hydrothermal synthesis [This work]
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Figure 5: a) Long life cycling test of symmetric supercapacitor, b) Nyquist impedance curves of
symmetric supercapacitor. The inset is equivalent circuit model.

Figure 6: Energy density and power density for comparing our supercapacitor in Ragone plot.

According to Equations (3) and (4), the symmetric
supercapacitor had a maximum energy density of
11.7 Wh/kg at 0.3 A g-1 and a maximum power
density of 1800 W/kg at 2.0 A g-1 (4).  Figure 5
shows  that  the  built  symmetrical  supercapacitor
had a good energy and power density range when
compared  to  the  literature.  The device's  Ragone
plot is based on the GCD test. In the asymmetrical
supercapacitor made utilizing PC-Cs/CNTs/PANI as
the  positive  electrode  and  PC-Cs/CNT  as  the
negative  electrode,  the  device  had  an  energy
density of 56.9 Wh kg-1 at a power density of 537
W kg-1,  which  was  higher  than  some previously
reported  PANI-based  supercapacitors (48).  At  a
high power  density  of  2217.95 W/kg,  the  MoS2|
MWCNTs and PANI|MWCNTs composite electrodes
had an energy density of 15.09 Wh/kg (49). At 0.5

kWkg-1,  the  complete  symmetric  cell  made  of
MC/PANI has a high energy density of 19 Whkg-1.
(50). For PANI/MWCNT, energy density and power
density  for  the  device  were  calculated  as  11.1
Wh/kg  and  0.98  kW/kg  (51). The  maximum
specific  energy  of  0.5 Wh kg−1 and  a  maximum
specific  power  of  0.3 kW kg−1,  were  found  for
PANI–CNT flexible supercapacitors (52).

CONCLUSIONS

PANI//MWCNTs/AY17-3  composite  electrode  was
successfully  synthesized  by  hydrothermal
synthesis, and its supercapacitor performance was
investigated via electrochemical  characterizations.
By altering the dye content of AY17, the behavior
of  AY17  in  modulating  electrochemical
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characteristics  of  PANI/CNT  composite  was
investigated.  At  a  scan  rate  of  5  mV  s-1,  the
PANI/MWCNTs/AY17  composite  electrode  with
3mM  AY17  demonstrated  a  maximum  specific
capacitance  of  814.1  F  g-1,  which  was  much
greater  than  PANI  and  PANI/MWCNTs  composite
electrodes. In a 3.0 M KCl aqueous electrolyte, a
symmetric supercapacitor has a maximum energy
density of 11.7 W h kg-1 and a maximum power
density  of  1800  W  kg-1.  After  2000  cycles,  the
capacitance  retention  of  the  symmetric
supercapacitor was determined to be greater than
80%. The influence of  a  textile  dye on a multi-
walled carbon nanotubes/polyaniline composite as
a promising supercapacitor electrode material  for
next-generation  textile-based  flexible
supercapacitors  was  supported  by  all  of  the
findings.
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