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Abstract
In this study, graphene oxide (GO)-polyaniline (PANI) binary nanocomposite was prepared with a facile, green, and one-step 
in situ polymerization approach using dodecyl benzene sulfonic acid as a dopant and stabilizing agent to achieve production 
of processable GO-PANI nanocomposite for supercapacitor applications. The synthesized nanocomposites were characterized 
with Fourier transform infrared spectroscopy, x-ray diffraction, ultraviolet–visible spectroscopy (UV–Vis), and scanning elec-
tron microscopy. The electrochemical properties of supercapacitor electrode materials were analyzed by cyclic voltammetry, 
galvanostatic charge–discharge, and electrochemical impedance spectroscopy (EIS) utilizing a two-electrode configuration. 
The effects of the amount of aniline-to GO-nanosheet ratio, used for preparation of the nanocomposite, on electrochemical 
performance were investigated. The GO-PANI nanocomposite demonstrated promising electrochemical performance towards 
supercapacitor applications. At 1 A/g current density, the GO-PANI electrodes show a high specific capacitance value of 
269.3 F/g. In addition, the GO-PANI nanocomposite exhibited 81.3% specific capacitance retention after 10,000 cycles.
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Introduction

The increasing demand for energy, a developing global econ-
omy, rapid depletion of fossil fuel sources, and enhancing 
concerns about environmental pollution make renewable 
energy sources a center of attraction. In recent decades, there 
has been a developing interest in energy storage devices for 
storing energy from renewable energy sources with high 
efficiency, low cost, and environmentally friendly nature. In 
addition, there is an increasing demand for energy storage 
systems with high energy and power densities for portable 
electronics.1–6 Among other energy storage devices, superca-
pacitors have gained considerable attention because of their 
high-power density, long cycle life, and fast charge–dis-
charge rate. The charge-storing mechanisms of supercapaci-
tors are classified as pseudocapacitance and electrochemical 
double layer capacitance (EDLC).7–9

Electrode materials which store energy via the pseu-
docapacitance mechanism undergo reversible redox reac-
tions. They are in the center of interest for supercapacitor 

applications because of their very high specific capaci-
tance.7,10 Despite their high potential and electrochemical 
properties, pseudocapacitance electrode materials, like con-
ducting polymers (polyaniline, polypyrrole, etc.) and metal 
oxide/hydroxide nanostructures,11 suffer from poor electro-
chemical performance.7,12–15 As a widely used conducting 
polymer in various application areas, polyaniline (PANI) 
is an inexpensive and easily producible electrode material 
with considerably high electronic conductivity. However, 
morphological and mechanical properties of pristine PANI 
cause a low charge transfer rate, limited contribution of 
PANI chains to electrochemical process, and continuous 
swelling/shrinking during cycling, leading to low specific 
capacitance, low rate capability, and very limited cyclic 
stability.16–18

The production of nanocomposites of PANI with carbon-
based nanostructures, such as carbon nanotubes,19,20 reduced 
graphene oxide,21–23 activated carbon,24–26 etc. is one of the 
most important approaches to promote the electrochemi-
cal performance of PANI. Despite having considerably low 
conductivity, graphene oxide (GO) is a two-dimensional 
(2D) material with very high surface area and excellent 
mechanical strength. In addition, GO is a functional mate-
rial because of having oxygen-containing groups. The abun-
dant oxygenated functional groups of GO also contribute 
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to the pseudocapacitance of electrodes and interaction with 
electrolyte ions. Additionally, GO nanosheets have excel-
lent dispersibility in aqueous and organic solvents, which 
provides functionality, ease of preparation of electrode 
materials, improved interaction between components of the 
nanocomposites, and better wettability to electrodes.27,28 As 
a result of these unique features, there has been a growing 
interest on GO-based nanocomposites for supercapacitor 
applications, especially for improving the electrochemical 
performance of metal oxide/hydroxide29–31 and conducting 
polymer-containing electrode materials.32–34

Unlike most studies in the literature in which inorganic 
acids such as HCl,  H2SO4,  HNO3, etc., were used as dopants 
for preparation of PANI, in this study, an organic acid, 
4-dodecylbenzenesulfonic acid (DBSA), was used. DBSA 
functioned as both the dopant and stabilizing agent.35,36 
PANI structures doped with organic acids like DBSA,35–37 
camphor sulfonic acid (CSA),38 p-toluene sulfonic acid 
(PTSA),39and methane sulfonic acid (MSA),40 and compos-
ites of these structures, are promising pseudocapacitance 
electrode materials for supercapacitor applications because 
of their better interaction with aqueous electrolytes, wet-
tability, stability, and processability. Because of the unique 
features of DBSA-doped PANI, there is a growing interest 
in DBSA-doped PANI-based nanocomposites, such as metal 
nanoparticle (Cu, Ag, Pt)-containing organic acid/inorganic 
acid co-doped (e.g., HCl-DBSA) nanocomposite, GO/metal 
nanoparticle/PANI nanocomposite,41  and  H2SO4-DBSA 
co-doped GO-PANI electrodes prepared with an interfacial 
polymerization approach.42,43 In this study, the GO surface 
was coated with a thin film of organic acid-doped PANI in 
DBSA aqueous solution via a one-pot in situ polymerization 
technique. This study aimed to produce electrode materials 
having a high surface-to-volume ratio, which considerably 
increases the electroactive surface area of electrode materi-
als to obtain high specific capacitance, rate capability, and 
electrochemical stability.

Materials and Methods

Materials

Graphite oxide was obtained from Grafen Chemical Indus-
tries (Turkey). Aniline (≥ 99.5%), ammonium persulfate 
(APS; ≥ 98%), and DBSA (70% in isopropanol) were sup-
plied from Sigma-Aldrich (Germany).

Preparation of GO‑PANI Nanocomposite

The GO-PANI nanocomposite samples were prepared with 
a facile, one-pot in situ polymerization approach. First, 
graphite oxide sheets were exfoliated with ultrasonication 

for 1 h to produce GO aqueous dispersion (0.5 mg/mL). 
Then, DBSA (0.1 M) was added dropwise on the as-prepared 
GO aqueous dispersion. Aniline monomer was dissolved 
in 0.1 M DBSA aqueous solution at room temperature, 
then added to the above GO dispersion and stirred for 2 h 
to achieve a homogenous distribution of monomer on GO 
nanosheets. Finally, APS (APS/aniline 1:1 n/n) was added 
in GO-aniline mixture for oxidation of aniline monomer to 
achieve polymerization of PANI on the GO surface. The 
mixture was kept at room temperature and stirred overnight. 
Absolute ethanol was added to the obtained highly stable 
GO-PANI dispersion to precipitate the nanocomposite. The 
precipitated sample was mixed and centrifuged with deion-
ized (DI) water and absolute ethanol four times to remove 
excess aniline and oligomeric structures. The purified nano-
composite samples were dried in a vacuum oven at 60°C for 
further characterizations and electrochemical measurements. 
In addition, the effects of PANI coating on GO nanosheets 
were investigated via production of samples with different 
GO/aniline monomer weight ratios.

The nanocomposites prepared with different weight ratios 
[aniline/GO 1.5–16 (w/w)] and the samples were marked 
as GO-PANI1.5, GO-PANI4, GO-PANI8, and GO-PANI16, 
respectively.

Material Characterization

The structural characterizations of the samples were carried 
out with Fourier transform infrared (FT-IR) spectroscopy 
between 600  cm−1 and 4000  cm−1 (Shimadzu FTIR 8400-S 
FTIR), ultraviolet–visible (UV–Vis) spectroscopy between 
200 nm and 900 nm (Shimadzu 1601 UV–Vis spectropho-
tometer). The crystal structures of the samples were inves-
tigated with x-ray diffraction (XRD). XRD patterns were 
obtained with a Rigaku MiniFlex 600 x-ray diffractometer 
with CuKα radiation in a 2θ range from 5° to 80°. The sur-
face and morphological characterizations of the samples 
were performed via field-emission scanning electron micros-
copy (FE-SEM) (FEI QUANTA 400F).

Electrode Preparation and Electrochemical 
Measurements

The electrochemical measurements utilized a two-elec-
trode coin cell. All measurements were carried out in 1 M 
 H2SO4 electrolyte. Electrochemical measurements were 
performed with a Gamry Reference 3000 potentiostat/
galvanostat electrochemical work station by performing 
galvanostatic charge/discharge (GCD), cyclic voltamme-
try (CV), and electrochemical impedance spectroscopy 
(EIS) analyses. The CV measurements were carried out 
between 0 V and 0.8 V at various scan rates between 
5 mV/s and 200 mV/s. GCD measurements were done 
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between 0 V and 0.8 V at different applied current densi-
ties between 1 A/g and 5 A/g. EIS analysis was carried 
out with frequency rate from 150 kHz to 0.01 Hz. Coin-
shaped stainless-steel plates with a surface area of 1  cm2 
were used as current collectors. The working electrodes 
were produced by coating of homogenous slurry of GO-
PANI nanocomposite (80%) with carbon black (15 wt.%) 
and polyvinylidene fluoride (PVDF) (5 wt.%) in N-meth-
ylpyrrolidone (NMP) on the stainless-steel current col-
lectors. The prepared electrodes were dried in a vacuum 
oven at 70°C for 24 h.

For a symmetrical two-electrode configuration, the 
specific capacitance of the electrodes was calculated with 
Eq. 1 using CV curves of the electrodes.

where C (F/g) is the capacitance of per electrode, m (g) is 
the mass of the electrode material coated on a single work-
ing electrode, ν (mV/s) is the scan rate, and ∆V (V) is the 
potential window.44

The specific capacitance was also calculated with the 
discharge portion of the GCD curves according to Eq. 2.45

where ∆V (V) is the applied potential difference excluding 
IR drop, I (A) is applied current, and ∆t (s) is the discharge 
time.

(1)C =
2 ∫ IdV

�mΔV

(2)C =
2IΔt

mΔV

Results

Characterization of the Electrode Materials

The binary GO-PANI nanocomposite was prepared with 
a one-pot in situ polymerization approach as represented 
in Fig. 1. The chemical structure of GO nanosheets shows 
existence of plenty of hydroxyl, carboxyl, and epoxy oxygen-
ated functional groups, which gives GO a strong hydrophilic 
nature that provides excellent dispersibility in water. In addi-
tion, the 2D structure and very high surface area of aromatic 
GO nanosheets ensure strong π–π attraction between aniline 
molecules and GO, providing effective loading of mono-
mer. Moreover, electrostatic attraction forces and hydrogen 
bonding between aniline and GO nanosheets are also help-
ful for strong interaction of as-prepared PANI with GO.32 
This interaction is crucial to achieve high electrochemical 
performance. Owing to its high surface area and having 
plenty of active centers, GO also can be considered as a 
template for in situ polymerization of PANI. It is expected 
to form an ultrafine polymeric structure on the surface of GO 
nanosheets after polymerization in DBSA aqueous solution 
with the help of a strong oxidizing agent APS. The effects 
of aniline monomer amount [GO/aniline 1.5–16 (w/w)] that 
was used for production of the nanocomposites on chemi-
cal, morphological, and electrochemical properties of the 
samples were investigated.

Figure 2a shows UV–Vis spectrum of GO nanosheets. 
The band at 230 nm corresponds to π → π* transition of 
aromatic C–C bonds of GO. The other band at ~ 300 nm is 
attributed to n → π* transition of C=O bonds. The UV–Vis 

Fig. 1  Schematic representation of preparation of GO-PANI nanocomposite.
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spectra of pristine PANI and GO-PANI samples introduce 
three characteristic bands of the protonated emeraldine 
salt form of PANI. The first band at between 325 nm and 
360 nm is attributed to π–π* transition of the benzenoid 
ring. The second band between 400 nm and 430 nm is due 
to polaron–π* transitions. The third characteristic band is 
the broad peak at about 750–800 nm that corresponds to 
interchain  excitation46 (Fig. 2b). The UV–Vis spectra of GO-
PANI nanocomposites indicate successful coating of GO 
nanosheets by the PANI polymeric structure.

Figure  3 displays FTIR spectra of GO, PANI, GO-
PANI1.5, and GO-PANI8 samples. GO is abundant with 
oxygenated functional groups of carboxyl, hydroxyl, epoxy, 
etc. The FTIR spectrum of GO contains characteristic bands 
at about 3400 and 1396  cm−1 correspond to O–H stretching 
vibration and C–OH deformation, respectively. The peak at 
1721  cm−1 is attributed to C=O stretching vibration, and the 
band at 1621  cm−1 arises from C=C stretching of unoxidized 
sp2 domains of graphite. The peaks at about 1220  cm−1 and 
1042  cm−1 are attributed to C–O (epoxy) and C–OH (alkoxy) 
peaks, respectively. The FTIR spectrum of the PANI sam-
ple doped with DBSA has the emeraldine salt form of the 
polymeric structure and contains the characteristic bands at 
about 3000–3600  cm−1, 1559  cm−1, 1482  cm−1, 1296  cm−1, 

1111  cm−1, and 795  cm−1. These characteristic peaks cor-
respond to protonated imines (–NH+) and amines (–NH−) 
of PANI chains, quinoid ring deformations, benzenoid ring 
deformations, C–N, C–N+, N–H+= stretching vibrations, 
and plane stretching of C–H bonds, respectively. Moreover, 
the PANI sample also possesses peaks of C–H stretching 
(2917  cm−1), S=O (1024  cm−1), and >  CH2 (1003  cm−1) 
stretching vibrations of DBSA. As a result of effective coat-
ing of GO nanosheets by PANI polymeric structure, the 
binary GO-PANI nanocomposite samples exhibit all the 
characteristic bands of the emeraldine salt form of PANI. 
Besides, the FTIR spectrum of the nanocomposite sample 
prepared with the lowest amount of aniline monomer (GO-
PANI1.5) also exhibits various bands of GO nanosheets in 
addition to the characteristic peaks of DBSA-doped PANI. 
These bands are C=O stretching vibration (1741   cm−1), 
C–OH deformation (1404   cm−1), and C=C stretching 
(1651  cm−1). Additionally, for the nanocomposite sample, 
the redshift of the C=O band from 1721  cm−1 to 1741  cm−1, 
C–OH deformation from 1396  cm−1 to 1404  cm−1, and C=C 
stretching from 1621  cm−1 to 1651  cm−1 indicates strong 
interaction between PANI chains and GO nanosheets, which 
is also of key importance to achieve high electrochemical 
performance. This strong interaction between the GO and 
polymeric structure may originate because of the π–π stack-
ing, electrostatic interaction, and hydrogen bonding.

Figure 4a presents the XRD diffraction pattern of GO. 
The GO sample has a strong peak at about 10.74° corre-
sponding to a (002) planar reflection of GO layers, having 
d-spacing of 0.822 nm between nanosheets.47 Figure 4b 
shows XRD diffraction patterns of PANI, GO-PANI1.5, and 
GO-PANI8. The pristine PANI has characteristic bands at 
14.6°, 20.7°, and 25.4° attributed to (011), (020), and (200) 
crystal planes of PANI, respectively, which indicates the 
polymer sample has a crystalline structure. The diffraction 
patterns of GO-PANI nanocomposites have similar features 
with PANI and possess the characteristic peaks of crystal 
planes of PANI, while the (002) planar reflection peak of GO 

Fig. 2  UV–Vis spectrum of (a) GO, (b) pristine PANI, GO-PANI1.5, and GO-PANI8.

Fig. 3  FTIR spectrum of GO, PANI, GO-PANI1.5, and GO-PANI8.
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disappeared. This finding indicates that the polymeric struc-
ture prepared with an in situ polymerization approach on GO 
nanosheets maintains its crystalline nature. In addition, the 
homogenous coating and production of PANI ultrafine films 
between GO nanolayers caused complete separation of GO 
nanosheets.48,49

Figure 5 shows SEM images of GO, PANI, GO-PANI1.5, 
GO-PANI8, and GO-PANI16 samples. The GO nanosheets 
have a wrinkled and corrugated platelet structure, consist-
ing of a few layers of graphene sheets (Fig. 5a). The pris-
tine PANI sample has an interconnected structure contain-
ing sub-micron polymeric particles (Fig. 5b). SEM images 
of GO-PANI1.5 demonstrate a structure of interconnected 
PANI nanoparticles on GO nanosheets with a minority of 
uncoated surfaces of GO layers (Fig. 5c). Increasing the 
aniline amount led to uniform coating of GO platelets (GO-
PANI8) and formation of ultrafine polymer films on the 2D 
layers, which have a smooth surface. It is noticed that the 
nanocomposite samples have a different texture in compari-
son to pristine PANI. The high surface area, the presence 
of plenty of active centers, and strong interactions between 
aniline monomer and GO layers caused formation of very 
small interconnected PANI nanoparticles which are smaller 
compared to pristine PANI sub-micron particles (GO-
PANI1.5) (Fig. 5d). The increase of aniline amount in the 
reaction caused growth of those small nanoparticles to form 
an ultrafine smooth film on GO nanosheets. The surfactant 
role of DBSA molecules may restrict further growth of the 
polymeric film which also depends on the ratio of aniline/
GO used for production of the nanocomposites. However, 
further increase in the aniline/GO ratio (GO-PANI16) 
caused thickening of the polymeric film on GO nanosheets 
and even formation of an interconnected structure of PANI 
layers (Fig. 5e). Figure 5f displays a transmission electron 
microscopy (TEM) image of GO-PANI8 nanocomposite. 

Similar to SEM images, the TEM image also shows the 
nanocomposite has a film structure consisting of ultrafine 
polymer coating on GO nanosheets. The SEM and TEM 
images confirm the chemical characterization of the sam-
ples and exhibit strong interaction between PANI and GO 
nanosheets and successful preparation of the ultrafine PANI 
polymeric films on the GO surface.

Electrochemical Measurements of Electrodes

The electrochemical performance of the GO, PANI, and GO-
PANI binary nanocomposite samples were investigated in a 
two-electrode configuration. The two-electrode configura-
tion has a physical configuration and charge transfer mecha-
nism similar  to practical supercapacitors that exhibit the 
exact performance of the electrode materials accurately.50,51 
All measurements were carried out in 1 M  H2SO4 electro-
lyte in a  potential window between 0 V and 0.8 V. Fig-
ure 6 shows CV curves of GO, PANI, GO-PANI1.5, GO-
PANI4, GO-PANI8, and GO-PANI16 samples at a scan rate 
of 10 mV/s. According to Eq. 1, the integrated area in the 
CV curves of the electrodes is directly proportional to the 
specific capacitance. Based on Eq. 1, GO, GO-PANI1.5, 
PANI, GO-PANI4, GO-PANI8, and GO-PANI16 exhibit 
specific capacitance values of 12.5 F/g, 164 F/g, 297.8 F/g, 
412.5 F/g, 510.5 F/g, and 391.7 F/g, respectively. The GO 
electrodes have the lowest specific capacitance because of 
the poor electronic conductivity of GO nanosheets. Com-
pared to pristine PANI doped with DBSA, GO-PANI1.5 dis-
plays lower specific capacitance due to inadequate coating 
of PANI and the existence of a low amount of polymeric 
structure as the active electrode material. The increase of 
aniline/GO ratio promoted the electrochemical performance 
of the nanocomposite, and the GO-PANI8 sample demon-
strated the highest specific capacitance. However, the further 

Fig. 4  XRD diffraction patters of (a) GO, (b) PANI, GO-PANI1.5, and GO-PANI8.



1082 Z. Çıplak 

1 3

increase of aniline/GO ratio (GO-PANI16) decreased the 
specific capacitance. Being a pseudocapacitive electrode 
material, the reversible redox reactions of PANI are the 
main driving force to create electrochemical performance. 
The increase of the aniline/GO ratio also caused the incre-
ment of PANI film thickness coating the GO nanosheets. 
The increase of the polymeric film thickness at high values 

of aniline/GO ratio also increases the ion diffusion path of 
electrolyte ions that diminish the specific capacitance of 
electrodes.

Figure 7 displays the effect of sweep rate (5–200 mV/s) 
on the electrochemical performance of PANI and GO-
PANI8 electrodes. The morphological structure, ionic 
conductivity, and electrolyte–electrode interaction of the 

Fig. 5  SEM images of (a) GO (b) PANI, (c) GO-PANI1.5, (d) GO-PANI8, and (e) GO-PANI16; (f) TEM image of GO-PANI8.
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electrodes are crucial factors, which designate ion diffusion 
properties and rate capability of the supercapacitors. As an 
ideal supercapacitor behavior, both PANI and GO-PANI8 
electrodes exhibit enhanced current responses with the 
increased scan rate. Additionally, both supercapacitor cells 
display a quasi-rectangular shape with two redox couples 
of PANI. The redox couple at about 0.2 V is attributed to 

leucoemeraldine/emeraldine transformation, and the redox 
couple at about 0.5 V is referred to emeraldine/pernigrani-
line transition. The GO-PANI8 nanocomposite electrode 
retains its quasi-rectangular shape and the redox couples 
of PANI. They are still apparent even at the highest applied 
sweep rate, which proves the high electrochemical stability 
of GO-PANI8 nanocomposite. The increase of the scan rate 
causes restrictions and limits the accessibility of the electro-
lyte ions into the electrode material. At higher sweep rates, 
only the surface parts of the electrode material participate in 
the electrochemical process effectively. Due to this diffusion 
restriction, ions cannot reach inner parts of the electrode 
material, which decreases the specific capacitance. Figure 7c 
shows the dependence of the specific capacitance of PANI 
and GO-PANI8 on the applied scan rate (5–200 mV/s). GO-
PANI8 and PANI electrodes retained 81.6% and 50.0% of 
their specific capacitances in this sweep rate range, respec-
tively. Pristine PANI doped with DBSA has an intercon-
nected structure of sub-micron particles, which causes PANI 
electrodes to suffer from high charge diffusion restrictions 
and limited participation of the inner PANI chains in the 
electrochemical process, which diminishes the rate capabil-
ity and specific capacitance values at higher applied scan 
rates. In comparison to PANI, GO-PANI8 nanocomposite 
has an excellent rate capability. The ultrafine PANI coating 
on GO platelets decreases the ion diffusion path and leads 

Fig. 6  CV curves of GO, PANI, GO-PANI1.5, GO-PANI4, GO-
PANI8, and GO-PANI16 at a scan rate of 10  mV/s in 1 M  H2SO4 
electrolyte.

Fig. 7  CV curves of (a) GO-PANI8 and (b) PANI electrodes at various scan rates of 5–200 mV/s; (c) dependence of specific capacitance on scan 
rate (5–200 mV/s) for GO-PANI8 and PANI.
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to fast penetration of electrolyte ions, which results in more 
effective participation of PANI chains in reversible redox 
reactions in order to retain electrochemical performance 
even at high sweep rates.

Figure 8a represents GCD curves of GO, GO-PANI1.5, 
GO-PANI4, GO-PANI8, and GO-PANI16 samples at a 
current density of 1 A/g. According to Eq. 2, the obtained 
specific capacitance values for GO, GO-PANI1.5, PANI, 
GO-PANI16, GO-PANI4, and GO-PANI8 electrodes are 
9.6 F/g, 72.8 F/g, 180.5 F/g, 193.3 F/g, 206.5 F/g, and 
269.3 F/g, respectively. Figure 8b shows GCD curves of GO-
PANI8 nanocomposite at various applied current densities 
(1–5 A/g). At 1 A/g, 2 A/g, and 5 A/g current densities, 
the GO-PANI8 electrodes exhibited specific capacitance 
values of 269.3 F/g, 259.2 F/g, and 251.7 F/g, respectively. 
Similarly, with CV analysis, between 1 A/g and 5 A/g cur-
rent densities, the GO-PANI8 retained 93.5% of its specific 
capacitance, which indicates that the binary GO-PANI8 
nanocomposite doped with DBSA has an excellent rate 
capability. The cyclic stability of the electrodes is another 
essential parameter for supercapacitor electrode materials. 
The conducting polymer-based supercapacitor electrodes 
suffer from structural deterioration, corresponding to a dra-
matic decrease of electrochemical performance due to swell-
ing and shrinking of polymer chains during the repetitive 
charge–discharge process. On the other hand, after 10,000 

charge–discharge cycles at a current density of 2 A/g, the 
GO-PANI8 electrodes exhibited a capacitive retention 
value of 81.3%. The GO-PANI8 nanocomposite doped with 
DBSA exhibited a high cyclic stability because of excel-
lent mechanical strength of GO nanosheets; the formation 
of a compact nanocomposite structure is attributed to strong 
interactions between ultrafine PANI film and GO.

EIS is an important technique to determine charge trans-
fer properties of electrode materials. Figure 9a and b dis-
plays Nyquist plots of PANI, GO-PANI1.5, GO-PANI4, 
and GO-PANI8, and Fig. 9c shows the equivalent circuit 
fitting the EIS data. The equivalent circuit is composed of 
equivalent series resistance (Rs), charge transfer resistance 
(RCT), Warburg impedance (Zw), double layer capacitance 
(Cdl), and pseudocapacitance (Cps).52,53 The Nyquist plots 
of the electrodes consist of two main parts: (1) the semi-
circle corresponding to charge transfer resistance (RCT) of 
the electrode material in the high-frequency region and (2) 
the straight line in the low-frequency region related to the 
ion transfer rate to the electrode material. For GO-PANI1.5, 
PANI, GO-PANI4, and GO-PANI8 electrodes, the RCT val-
ues were determined to be 19.38 Ω, 3.27 Ω, 2.17 Ω, and 
0.79 Ω, respectively. The lower RCT value for GO-PANI8 
electrodes indicates improved charge transport compared to 
pristine PANI and other nanocomposite samples. Moreover, 
in the low-frequency region, the slope of the vertical line of 

Fig. 8  (a) GCD curves of GO, GO-PANI1.5, GO-PANI4, GO-PANI8, and GO-PANI16 electrodes at applied current density of 1 A/g in 1 M 
 H2SO4 electrolyte, (b) GCD curves of GO-PANI8 electrodes at various scan rates (1–5 A/g), (c) cyclic stability of GO-PANI8 nanocomposite.
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GO-PANI8 nanocomposite is greater than other electrodes, 
which indicates GO-PANI8 exhibits faster ion transport 
to electrode material and a more ideal capacitor behavior 
compared to other electrodes.54,55 The Nyquist plots of 
the samples show that GO-PANI8 has better charge trans-
fer properties, in addition to its high specific capacitance, 
excellent rate capability, and electrochemical stability. The 
strong interaction and synergistic effects between PANI and 
GO nanosheets, the ultrafine PANI film formation on GO 
nanoplatelets, and the effective doping agent and surfactant 
role of DBSA molecules contribute to the electrochemical 
performance of the GO-PANI binary nanocomposite. More-
over, the organic acid doping of PANI polymeric structure 
is also helpful for homogenous coating of current collectors 
during electrode preparation because of good dispersibility 
of electrode material in NMP.

Table I presents a comparison of the electrochemical 
performance of DBSA-doped GO-PANI nanocomposite 
with some studies including GO-PANI structures in the 
literature, in which inorganic acids were used as doping 
agents for production of PANI. The organic acid (DBSA)-
doped GO-PANI nanocomposite exhibited superior elec-
trochemical performance compared to many studies based 
on inorganic acid-doped GO-PANI electrodes. Compared 
to its inorganic acid-doped counterparts, the promising 
electrochemical performance of DBSA-doped GO-PANI 
electrodes may arise from their better processability, 
homogenous coating, wettability, and better interaction 
with aqueous electrolyte. The results demonstrate organic 
acid-doped conducting polymers are also candidates hav-
ing high potential for supercapacitor application.

Fig. 9  (a) Nyquist plot of GO-PANI1.5 nanocomposite, (b) Nyquist plots of PANI, GO-PANI4, and GO-PANI8 electrodes, and (c) equivalent 
circuit model fitting the EIS data.

Table I  Specific capacitance 
of GO-PANI nanocomposite-
based electrode materials in the 
literature.

Electrode material Dopant acid Electrode configuration Specific capacitance References

GO-PANI H2SO4-DBSA Three-electrode 264 F/g at 1 A/g 42
GO-PANI HCl Three-electrode 42 F/g at 0.4 A/g 56
PANI/GO H2SO4 Three-electrode 275 F/g at 20 mV/s 48
GO/PANI/PVDF HCl Three-electrode 170.63 F/g at 10 mV/s 57
PANI-GO H2SO4 Three-electrode 504 F/g at 10 mV/s 58
GO/PANI HClO4 Two-electrode 150 F/g at 10 mV/s 59
GO-PANI H2SO4 Two-electrode 100 F/g at 0.6 A/g 60
GO-PANI DBSA Two-electrode 269.3 F/g at 1 A/g This study
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Discussion

In summary, GO-PANI nanocomposite was prepared with a 
green, facile, one-pot approach in DBSA aqueous solution 
using various aniline/GO ratios [aniline/GO 1.5–16 (w/w)]. 
The GO nanosheets were uniformly coated with an ultrafine 
PANI polymeric structure by tuning the aniline/GO ratio. In 
a two-electrode configuration, GO-PANI8 nanocomposite 
sample exhibited a specific capacitance value of 269.3 F/g 
and retained 81.3% of its specific capacitance after 10,000 
consecutive charge–discharge cycles at 1 A/g applied current 
density. The results indicate organic acid-doped conduct-
ing polymer-based nanocomposites are promising electrode 
materials for energy storage applications.
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