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Abstract. The impact of anionic surfactant sodiumlaurylsulphate (SLS) on the enhancement of the electrochemical
(EC) performance of polyaniline-wrapped reduced graphene oxide (rGO) hybrid composites (SPGO) for EC energy
storage applications with excellent cycle stability was explored in this study. The title composite was prepared by the
oxidative polymerization of aniline on surfactant-intercalated graphene oxide at subzero temperature. Field-emission
scanning electron microscope (FE-SEM) micrographs reveal the morphological modifications due to the surfactant
activity on PGO. Fourier transform infrared, Raman and X-ray diffraction spectra results confirmed the formation of the
SPGO hybrid composite. A prototype symmetric supercapacitor (SC) was fabricated with the SPGO hybrid composite as
working electrodes in 1 M H2SO4 electrolyte. SC was tested for its EC performance using a two-electrode system. The
SLS addition was found to have a proficient influence on the EC performance of SPGO hybrid composite ascribed to the
synergism between SLS, PANI and rGO with their respective pseudocapacitive and double-layer mechanisms. SPGO
symmetric SC was also found to achieve maximum specific capacitance as high as 531 F g–1 at 0.2 A g–1, with better
specific energy of 26.6 Wh kg–1 at 188.8 W kg–1 specific power and 98% columbic efficiency over 5000 cycles.
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Introduction

Recent research in the electronics industry primarily
focused on developing flexible energy storage systems with
high electrochemical (EC) performance to address modern
industrial needs [1]. Owing to high specific power and
exceptional storage capacity, supercapacitors (SCs) conquered the superior position in the field of EC energy
storage [2]. The EC performance of a SC is laid on the EC
behaviour of its electrodes and electrolyte materials, either
pseudocapacitive or EC double-layer material or the hybrid
of both. It was evidenced from reports that functionalized
nanomaterials with large surface areas can deliver outstanding storage performance with long-lasting stability
[3,4].
Conjugated polymers are gaining much attention in
flexible energy storage applications owing to their inherent
flexibility, excellent pseudocapacitive mechanism and
electronic conductivity. Among conducting polymers (CPs),
polyaniline (PANI) is one of the most promising materials
due to its ease of synthesis and tunable characteristics
possessed by its various oxidation states [5–7]. However,
chemical instability and limited available active surface

area hamper the practical long-term energy storage applications of CPs. Hence, developing hybrid composites of
CPs with high surface area graphene oxide (GO) has significant importance [8–12]. 3D nanostructures of PANI can
facilitate large surface areas for efficient energy storage and
obstruct its structural deformations during continuous
cycling [13]. Templates or surfactants assisted methods are
a few of the easiest ways to develop 3D architecture
[14,15]. Besides, Ntakirutimana et al [16] reported that
surfactants improve the composite’s porosity and enhance
surface activity [17,18]. Sodiumlaurylsulphate (SLS) is a
low-cost anionic surfactant generally used for cleaning and
emulsifying purposes. It works by reducing the medium’s
surface tension [19]. On accounting for the surface tension
reduction, it can be incorporated with GO to improve its
wettability.
This study describes the effect of SLS on the EC performance of PANI–EGO hybrid composite. Incorporation
of SLS improves the wettability of GO. It generates a uniform coating over the exfoliated GO (EGO) layers, supporting the aniline monomers to attach through simple
covalent bondings. Here, the EGO layers behave as a
scaffold for the 3D growth of PANI. Also, the addition of
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SLS prevents the agglomeration of GO layers and provides
space for grafting PANI in between the reduced graphene
oxide (rGO) sheets. At subzero temperature, the in-situ
polymerized PANI creates a uniform wrapping over the
high surface area-EGO layers and, meantime, the reduction
of GO takes place. The interconnected 3D structure of
SPGO with ample active surface area allows easy intercalation of the electrolyte ions to the electrode with a short
diffusion length. The synergism between the pseudocapacitive PANI and the double-layered rGO simultaneously
contributes to enhancing the hybrid composite’s effective
capacitance. Furthermore, SPGO symmetric SC is fabricated, achieved excellent specific capacitance of 531 F g–1
at 0.2 A g–1 over a high operation potential of 1.2 V.

2.
2.1

Experimental
Materials

Aniline (C6H7N, 99%, AR) and ammonium persulphate
((NH4)2S2O8, AR) were purchased from Merck. Sodium
sulphate (Na2SO4, AR) and potassium permanganate
(KMnO4, AR) were purchased from Spectrochem. Graphite
(*15 lm flakes) was purchased from Alpha Chemica, and
sodiumlaurylsulphate (C12H25NaO4S, AR) was purchased
from the Research Lab. All the chemicals and reagents were
used without further purification. Double-distilled water
was used for the entire experiment.

2.2

Preparation and liquid exfoliation of GO

The graphitic oxide was initially prepared from the graphite
flakes by the Hummers method [20]. The product was then
probe sonicated in 20 ml of 1 M H2SO4 for 30 min to get a
stabilized dispersion of EGO having a concentration of
1 g l–1. The resultant solution was centrifuged at 3000 rpm
to eliminate the unexfoliated particles and then used for
preparing the PANI/EGO (PGO) composite. To prepare
SLS-treated PANI/EGO (SPGO), the optimized concentration of an anionic surfactant, i.e., sodiumlaurylsulphate, was
added during the liquid exfoliation.

2.3

Preparation of PGO and SPGO hybrid composites

PGO and SPGO hybrid composites were prepared by the
facile in-situ polymerization of aniline using ammonium
persulphate (APS) in a fixed molar ratio of 3:1. Aniline
monomer was added dropwise to the EGO dispersion kept
in an ice bath under constant stirring. The freshly prepared
aqueous APS solution was slowly added to this aniline/EGO
dispersion. After a few minutes, the blackish suspension
turned to green, indicating aniline polymerization. Further,
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the reaction was allowed to continue for 3 h at –15°C to
maximize the polymerization yield. The resulting blackishgreen product was washed with double-distilled water and
H2SO4 for removing the unreacted particles and other soluble impurities. Then the filtered cake was dried at 60°C in
a vacuum oven for 24 h. The SPGO hybrid composite was
also prepared through the same procedure by adding SLS
during the GO exfoliation.

2.4

Fabrication of PGO and SPGO thin films

The hybrid composite thin films were prepared by a facile
doctor blade coating over the stainless steel (SS) substrate.
The composite slurry was prepared by mixing the active
material, acetyl black and polytetrafluoroethylene (PTFE)
with a mass ratio of 70:20:10 in an adequate amount of
N-methyl-2-pyrrolidone (NMP). The films were dried
overnight in a hot air oven. The SPGO symmetric SC
prototype was fabricated using the films as electrodes and
Whatman filter paper wetted with 1 M H2SO4 as separator
and electrolyte.

2.5

Material characterization

The functional groups present in the hybrid composites
were recorded using Fourier transform infrared spectroscopy (FTIR, Shimadzu IR Prestige 21) in the frequency
range of 4000–400 cm–1 and Raman spectroscopy in the
frequency range from 4000 to 400 cm–1 with an excitation
wavelength of 532 nm (LABRam HR, Horiba Scientific).
X-ray diffraction (XRD) studies were carried out using the
Bruker D8 X-ray diffractometer. The microstructure of
composites was analysed using field-emission scanning
electron microscopy (FE-SEM; Nova Nano SEM 450).
2.5a EC measurements: EC measurements were carried
out using the BIOLOGIC VSP electrochemical workstation
(EC-Lab software Version 11.21). The respective electrodes’ EC performance was tested using a conventional
three-electrode system in 1 M H2SO4 electrolyte. The
hybrid composite slurry cast on glassy carbon electrode was
used as the working electrode, Ag/AgCl/Satd-KCl electrode
and platinum wire as the reference and counter electrodes.
Cyclic voltammetry (CV) studies of all the electrodes were
performed over the potential range of –0.2 to 1 V. Electrochemical impedance spectroscopy (EIS) analysis of the
electrodes was performed at a frequency range from
100 kHz to 100 mHz, with an amplitude of 1 mV. The EC
performance of fabricated symmetric SC was tested using a
two-electrode system by CV and galvanostatic charge–discharge (GCD) analysis. The CV tests were performed at
different scan rates for the potential range 0–1.2 V and GCD
studies at different current densities.
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3.

Results and discussion

PGO and SPGO hybrid composites were prepared using a
facile wet chemical route, as shown in scheme 1. The GO
powder was prepared according to Hummer’s method,
and uniform dispersion of GO was obtained by probe
sonication (1 g l–1). Generally, the wettability of GO is
limited due to its hydrophilic edges and hydrophobic
basal planes [21]. The compressions and rarefactions
produced by the ultrasound waves through probe sonication expel the GO layers and improve its interlayer distance. In the preparation of surfactant intercalated GO
(sulphonated GO), SLS was added along with GO, which
reduces the surface tension of water (72.8 mJ m–2) and
improves the stability of EGO by creating a micelle layer
over the EGO [22]. The aniline monomer was added
dropwise to this GO dispersion under constant stirring.
Since GO is an excellent electron acceptor and aniline is
an efficient donor, the EGO layers undergo chemical
reduction by aniline [23]. Hence the aniline monomers
have gradually adhered to the rGO surface through
electrostatic attraction and weak load transfer complexes.
At subzero temperature (–15°C), the gradual addition of
APS to this monomer–SLS intercalated rGO suspension
initiates the polymerization of aniline. This process progressively forms a continuous coating of PANI over the
rGO layers. The 3D organization of PANI over sulphonated rGO was expected to enable rapid ion transport and
offer more active sites to improve the capacity and performance of the SPGO composite. While in PGO, due to
high surface tension and limited availability of rGO surface, individual sphere/globular-like PGO structures were
formed with reduced electrolyte intercalation and storage
capacity [24].

Scheme 1. Schematic representation of the formation of PGO
and SPGO hybrid composites.

Page 3 of 10
3.1

178

FTIR spectroscopy study

The functional groups in PGO and SPGO hybrid composites
were investigated by FTIR spectroscopy (figure 1). The
intense peak centred at 1135 cm–1 describes the characteristics of the emeraldine salt form of conductive PANI due to
the delocalization of electrical charges caused by deprotonation. It was understood that the corresponding peak was
found to shift slightly to 1168 cm–1 for SPGO composite,
which attributes to the interaction of SLS with PANI [25].
The peaks at 1590 and 1485 cm–1 represent the characteristics of the aromatic stretching of the quinoid and benzenoid rings of PANI. The characteristic peak at 1480 cm–1
shows C=C stretching of PANI, further confirming the
covalent grafting of PANI to the surface of the rGO sheets.
The peak centred at 1296 cm–1 corresponds to the C–N
secondary aromatic amine [26–28]. Compared to the characteristic peaks of PGO, the SPGO hybrid composite
exhibited the corresponding distinct peaks of both PANI
and GO, with the C–N secondary aromatic amine. The
SPGO hybrid composite’s peak ratios were found to be
reduced compared to the PGO composite, demonstrating the
stability of the composite. The absence of characteristic
residual peaks of –OH (3420 cm–1) in SPGO hybrid composite showed a slightly chemically reduced GO in SPGO
composite [29,30].

3.2

Raman spectroscopy study

The microstructure of the synthesized PGO and the SPGO
hybrid composite was further analysed using Raman spectroscopy. In figure 2, the Raman spectrum of the PGO
sample shows distinct peaks at 1373 and 1606 cm–1,
respectively, representing the quinoid stretching and the
C–C benzenoid stretching vibration of PANI [17]. The
peaks at 1567 and 2698 cm–1 correspond to the G and 2D
graphene bands. SPGO shows the characteristics D, G and
2D bands at 1350, 1536 and 2700 cm–1, respectively, with a

Figure 1.

FTIR spectrum of PGO and SPGO hybrid composites.
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upon nucleation with GO, the characteristic peaks of both
PANI and rGO merged and exhibited the sharp peaks with
slight distortions from their original positions. The peak
observed at 42.18° in PGO is suppressed in SPGO, indicating that PANI wrap over the entire rGO surface.

3.4

Figure 2.

Raman spectra of PGO and SPGO hybrid composites.

slight increase in the ID/IG ratio of 0.94 to PGO (0.92),
which attributes to an increase in the defect in the sp2
hybridized carbon atom domain structure due to the
removal of oxygen groups. The additional broad peaks at
1158 and 1510 cm–1 in SPGO attributes to the C–H bending
vibration and N–H deformation associated with the quinoid
stretching due to the presence of PANI wrapped over the
rGO layers. The incremental variation in the ID/IG ratio in
SPGO further confirms the reduction of GO to rGO.
Therefore, the Raman spectrum of SPGO could be taken to
confirm PANI’s successful formation over the rGO [10,26].

3.3

XRD studies

The structural characteristics of PGO and SPGO hybrid
composites were analysed through an XRD study. Figure 3a
illustrates the XRD patterns of GO with a prominent peak at
10.4° and a small peak around 24.5°. The XRD pattern of
PGO in figure 3b(i) shows two prominent peaks at 25.20°
and 42.18°, which attributes to the chemically reduced GO
structure formed during the polymerization of PANI in the
GO suspension. The diffraction peak at 25.20° is the characteristic reflection from (0 0 2) parallel graphene layers,
and 42.18° is from (1 0 0), the 2D in-plane symmetry along
with graphene sheets, respectively. Moreover, the disappearance of the characteristic peak of GO at 10.40° confirms
its transformation to rGO. In contrast, the XRD pattern of
SPGO (figure 3b(ii)) exhibits somewhat sharp peaks at
16.35°, 20.86° and 25.44° as the reflections from (0 1 1), (0
2 0) and (2 0 0), which reveal the semi-crystalline nature of
the deposited PANI on the rGO framework [26]. The peaks
of PANI at 20.86° and 25.44° correspond to the periodicities, parallel and perpendicular (1 0 0) and (1 1 0),
respectively, to the PANI chain. While introducing the
exfoliated 3D graphene structure to the PANI matrix, the
sharp and robust peak of graphene at 25.02° was observed
to overlap with PANI’s characteristic peak, forming an
intense peak that corroborates the successful formation of
PANI over to the outer surface of rGO. It is expected that

FE-SEM microscopy analysis

FE-SEM explores the surface morphology of the PGO and
the morphological changes caused by the addition of a
surfactant to the PGO hybrid composites. The aqueous
dispersion of PGO and SPGO hybrid composite powder was
spin-coated to the silicon wafer for the respective FE-SEM
analysis. Figure 4 shows the FE-SEM micrographs of PGO
and SPGO at different magnifications. The FE-SEM
micrograph of PGO (figure 4a) shows that the PANI
molecules have attached to the edges as well as the surface
unevenly. At high resolution (figure 4b), it is precise that the
entire rGO surface was decorated with uniform size PANI
nano-globules of size 30–40 nm. On the other hand, in
figure 4c, the FE-SEM micrographs of the SPGO show a
compact 3D structure (*1 lm) in which the rGO layers
were wrapped with PANI nanostructures. SPGO was found
to exhibit an interconnected pattern formed by the effective
polymerization of PANI in and over the exfoliated rGO
layers achieved by the sufficient adhesion of SLS. This
unique morphology was seen in a high-magnification FESEM micrograph (figure 4d). The formation of 3D morphology could be explained as follows. The surfactant
reduced the surface tension of the GO dispersion and would
have increased the hydrophilicity of the GO layers. As a
result, aniline monomers were firmly attached to the GO
layers by the electrostatic force of attraction, forming weak
charge-transfer complexes between them. Deliberate mixing of APS improved the polymerization rate of aniline
monomers encapsulated inside the exfoliated layers of sulphonated GO. The rGO layers gradually coated with PANI
nanoparticles by in-situ polymerization eventually formed a
3D architecture. The interconnected 3D structures might
have provided easy intercalation of electrolyte ions to and
from the electrodes, thereby improving the SPGO hybrid
composite’s conductivity and stability.

3.5

EC measurements

3.5a CV studies: The EC performance of the developed
hybrid composites as electrodes was analysed by CV using
a three-electrode configuration in 1 M H2SO4 (electrolyte)
over a potential range of –0.2 to 1.0 V. The CV responses
obtained for PGO and SPGO hybrid composites are shown
in figure 5a and b. Methodical analysis of redox peak
position and current density modulations in the respective CV
curves explores the prepared PGO and SPGO electrodes’ EC
activity. From figure 5a, the pair of oxidation–reduction
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X-ray diffraction pattern of (a) GO and (b) (i) PGO, (ii) SPGO hybrid composites.

peaks obtained for the PGO composite distinguish the
prominent pseudocapacitive nature of the PGO composite,
which indicates the switching of PANI from a fully reduced to
partially oxidized to fully oxidized states and vice versa. The
partially oxidized emeraldine salt form exhibited improved
conductivity along with the rGO [31]. The CV response of
SPGO electrodes is shown in figure 5b. Compared to PGO,
the SPGO was found to show an enlarged CV area with redox
peaks. Besides, the positive CV sweep was nearly the mirror
image of its negative sweep concerning the zero-current line.
These pseudocapacitive responses mainly arose from the
Faradaic reactions of PANI coated over the rGO layers and
were overwhelmed by the electric double-layer capacitance.
The specific capacitance of PGO and SPGO composites were
quantified as per the relation,
Cs ¼ Idv=2mVdv;

ð1Þ

where Idv is the area under the CV curve, m the mass of the
electrode material coated on the glassy carbon electrode,
V the scan rate, and dv the working potential window. The
CV calculations reveal that the SPGO composite achieved
specific capacitance as high as 1252 F g–1, which is nearly
three times higher than the PGO composite (329 F g–1).
Hence, SLS’s addition improved the significant loading of
organic–inorganic ions, molecules and other atomic clusters
onto the rGO basal planes through charge transfer

adsorption or complexation reactions [10,17,31]. The significant enhancement in the EC activity of SPGO is
apparently appreciable for practical energy storage
applications.
The effect of scanning rate on the EC response was
demonstrated through the CV analysis at different scan
rates. It can be seen that, with the increase in the scan rate,
there is a corresponding shift in oxidation, and the reduction
peaks on the positive and negative sides, confirming that the
redox process is influenced by ionic diffusion [32]. Besides,
at higher scan rates, there were no prominent redox peaks
seen in the CV curves of the SPGO attributed to the superior
double-layer nature of the composite. The peak oxidation
current achieved for SPGO hybrid composite was as high as
?3.87 mA, higher than for PGO hybrid composite (?0.21
mA) at a scan rate of 10 mV s–1. The corresponding variation was seen in the reduction cycle, with a maximum peak
current of –3.12 mA for SPGO and –0.2 mA for PGO
hybrid composite. Quasi-rectangular CV curves with an
increased cycle area suggest the high storage capacity of
SPGO electrodes. At higher scan rates, electrolyte ions
cannot interact with the active interior due to the rapid
diffusion of electrolyte ions to the electrode surface,
resulting in a loss of storage efficiency. A linear relationship
can be seen between the square root of the scan rate and the
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Figure 4.
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FE-SEM micrographs of (a, b) PGO and (c, d) SPGO hybrid composites at different magnifications.

corresponding CV data, further clarifying that the redox
reactions are diffusion-controlled [31]. Comparing the
slopes of CV responses, SPGO showed an elevated slope
than PGO, which implies the higher diffusion coefficient of
the SPGO due to its well-packed orientation correlates with
the FE-SEM results. CV studies, therefore, conclude that
the addition of SLS improves the diffusion-controlled redox
mechanism and the storage efficiency of the SPGO hybrid
composite electrode [33,34].
3.5b EIS analysis: The EC process occurring at the electrode system was analysed through EIS. EIS was used to get
more insight into EC characteristics, such as electrical
resistance offered by PGO and SPGO electrodes in the
electrolyte. EIS analysis was conducted in a wide frequency
range from 100 kHz to 100 mHz with a perturbation of
1 mV. The Nyquist plots obtained for PGO and SPGO are
shown in figure 5c (inset). Both plots were similar, with a
high-frequency semi-circle and a low-frequency straight
line. The intersection point of the semi-circle with the real
axis at the high-frequency region represents the bulk
resistance (Re), and the diameter represents the charge
transfer resistance (Rct) experienced by the electrolyte ions
at the electrode–electrolyte interface [35,36].
The Nyquist plots were fitted with the equivalent electrical circuit (figure 5d) using the Z-fit software, and the

corresponding parameters were evaluated. The fitted circuit
analysis shows that the SPGO electrodes possess lower Re
(5.5 X) compared to PGO (5.8 X; figure 5c), which indicates the reduced bulk resistance of SPGO due to its
mesoporous nature. Also, the SPGO electrode was found to
possess a lower Rct value (15.5 X), which is much lower
than that of PGO (288.2 X). The considerable difference in
Rct value confirms that SLS has a significant influence in
reducing the interfacial resistance and enhancing the EC
performance. From the above inference, it was evident that
the equivalent series resistance offered by the SPGO electrodes was much lower than that of PGO electrodes, which
indicates the excellent electrical conductivity of the composite. Furthermore, the slow-rising tail in the low-frequency region (the Warburg resistance) and the impedance
curve closer to the imaginary axis exhibit the capacitive
nature of the material. Here, the SPGO electrode displays a
slow-moving tail with an affinity to the Y-axis, which
confirms the capacitive nature of the SPGO hybrid composite correlating the CV results. The absence of such a
prominent tail in the PGO electrode can be attributed to the
high resistance due to the agglomeration or uneven growth
of PANI over rGO layers.
3.5c EC performance of fabricated SPGO symmetric SC:
The addition of anionic surfactant SLS (0.025 M) was found
to have a remarkable impact on improving the EC
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Figure 5. CV curves of (a) PGO electrode and (b) SPGO electrode at different scan rates in the potential range from
–0.2 to 1 V. (c) Nyquist plots of PGO electrode and SPGO electrodes (inset), and (d) equivalent circuit model (Z fit)
(electrolyte: 1 M H2SO4, reference electrode: Ag/AgCl/Satd-KCl electrode).

performance of the SPGO hybrid composite. The devicelevel performance was tested by fabricating a prototype
symmetric SC with SPGO composite. The EC performance
was analysed through CV and GCD measurements made
over a wide potential range of 1.2 V.
The CVs obtained for the different scan rates are shown
in figure 6a. At lower scan rates, the CV curve depicts a
quasi-rectangular shape with a pair of redox peaks, indicating the device’s pseudocapacitive nature. The slight
deviation present in the CV curves indicates the prominence
of ionic diffusion on the inner electrode at lower scan rates
and the prominence of faradaic reaction. As the scan rate
improves, the redox peak shift designates the occurrence of
the redox reaction at a pseudo-constant rate and the
peripheral interaction of electrolyte ions on the electrodes
[37]. Also, at higher scan rates, the CV curves possess
higher voltammetric currents, indicating the device’s
excellent supercapacitive nature. The increase in peak current with scan rate could be attributed to the synergism of
the electric double-layer mechanism offered by sulphonated
rGO layers and the pseudocapacitive nature of PANI.
Specific capacitance and EC stability of the fabricated
SPGO symmetric SC were analysed by the GCD test for

different current densities. The obtained GCD response is
depicted in figure 6b. The GCD curve demonstrates a
nonlinear charging profile attributed to the pseudocapacitive
contribution of PANI in the fabricated SC [8,38]. While
comparing the discharge profile, it was observed that the
time taken for the complete discharge increases with the
decrease in current density. It ascribes that more electrolyte
ions can diffuse into the electrode interior at a lower current
and enhances the specific capacitance. The specific capacitance (Csp) of the fabricated SC was evaluated from the
GCD curve by the equation:
Cs ¼ 4IDt=mDV;

ð2Þ

where I is the discharge current (A), Dt the discharge time,
m the total mass loaded on the electrodes, and DV the
potential (V). As current density increases from 0.2 to 0.8
A g–1, the specific capacitance shifts from 531 to 220 F g–1.
The higher specific capacitance at lower current density
might have resulted from efficient ionic transport within the
SPGO electrodes. The specific energy (E in Wh kg–1) and
the corresponding specific power (P in W kg–1) of the
developed SC were calculated from the GCD response
using the equations [39].
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Comparison of electrochemical performance of present study with recent reports.

Material
rGFP
DDPC–PANI-0.2–AC
rGO/PANI
PANI/CCCNs
LRGO@PANI
SPGO

Maximum specific capacitance

Specific energy

Specific power

References

283.4 F g–1 at 1 A g–1
458 F g–1 at 0.5 A g–1
810 F g–1 at 1 A g–1
72 F g–1 at 0.1 A g–1
72 mF cm–2 at 35 lA cm–2
531 F g–1 at 0.2 A g–1

47.7 Wh kg–1
9.02 Wh kg–1
62.2 Wh kg–1
28.9 Wh kg–1
2.7 mWh cm–3
26.5 Wh kg–1

550 W kg–1
4.42 kW kg–1
0.8 kW kg–1
85.1 W kg–1
81.4 mW cm–3
188.8 W kg–1

[40]
[41]
[42]
[43]
[44]
This study

Figure 6. Electrochemical performance of fabricated SPGO SC: (a) CV curves of SC at different scan rates, (b) GCD curves at
different current densities, (c) variation of specific energy as well as specific power with specific capacitance, and (d) coulombic
efficiency (over 5000 cycles).

E ¼ Csp V 2 =8  3:6

ð3Þ

P ¼ E=Dt:

ð4Þ

Variation of specific energy and specific power with
specific capacitance is shown in figure 6c. The SPGO SC
achieved admirable specific energy of 26.5 Wh kg–1 at a
specific power of 188.8 W kg–1, demonstrating the feasibility for practical energy storage applications. These results
were comparable to the recent reports listed in table 1. The

outstanding specific energy of the SPGO hybrid composite
could be due to the enhanced operating potential (1.2 V) of
the electrodes achieved by the combined effect of the sulphonated rGO layers and PANI.
3.5d EC stability studies: Long-term stability is one of the
imperative factors from the application point of view.
Figure 6d shows that after 2000 cycles, the specific capacitance reduces to 176 F g–1 from 233 F g–1 and maintains
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75% capacitive retention. Also, after 5000 continuous
charge/discharge cycles at a current density of 0.7 A g–1, the
coulombic efficiency is maintained to be 98%. The
remarkable stability is achieved due to the lowering of Rct
and Re values of the SPGO, confirmed from EIS studies.
The above results suggest the compliance of the developed
SPGO hybrid composite for practical SC applications.

4.

Conclusions

In summary, a PANI-wrapped sulphonated rGO hybrid
composite with enhanced EC activity was developed using
the facile in-situ polymerization method. FT-IR, Raman and
XRD results confirmed the chemical reduction of GO. The
micelle action of SLS enhanced the interaction of aniline
monomers among the rGO layers, eventually forms a wellorganized 3D mesoporous SPGO. The resulting hybrid
composite offered enormous active sites for easy intercalation of H? and SO42– electrolyte ions during the EC
reaction. The scaffolding effect of SLS-treated rGO
improved the stability of the SPGO hybrid composite, hence
better EC performance than the PGO. The symmetric SC,
made of SPGO electrodes, achieved a specific capacitance
of 531 F g–1 at 0.2 A g–1. Besides, the prototypic device
attained a high operating potential of 1.2 V compared to the
previous reports and specific energy of 26.5 Wh kg–1.
Therefore, the developed SPGO system with excellent EC
activity and stability could be potentially an exceptional
candidate for commercial energy storage applications.
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