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Abstract
The intensive investigation of supercapacitors and other advanced energy storage technologies has been driven by the grow-
ing demand for portable electronic devices, electrical equipment, and hybrid electric vehicles in the transportation sector. 
To develop these systems, it is crucial to have electrodes capable of high energy storage, along with suitable electrolytes to 
facilitate ion transport or conduction. These energy storage devices, which incorporate nanostructured and compact elec-
trodes, exhibit excellent electrochemical performance. The hybrid nanostructured composites made of carbon allotropes and 
conducting polymers have received much attention recently due to their possible use in supercapacitors. They are perfect 
candidates for energy storage applications because of their high electrical conductivity, mechanical strength, and stability. 
We synthesized reduced graphene oxide by a modified Hummer’s method and composited it with aniline monomers by in situ 
chemical polymerization to fabricate nanostructured composites of polyaniline and graphene. The different samples were 
synthesized by varying their mass ratios followed by their characterization by different characterization techniques such as 
XRD, FTIR, Raman, FESEM, and cyclic voltammetry, etc.
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Introduction

Advanced innovations in 1D, 2D, and 3D nanostructured 
materials and the optimization of parameters have revolu-
tionized research and development in the field of sustainable 
energy resources. The research on advanced energy storage 
technologies, including supercapacitors, has been intensified 
to address the electrochemical performance in terms of spe-
cific capacitance, recycle stability, and durability. Pseudo-
capacitors, divided into metal oxide and conducting polymer 

types based on electrode materials, play a crucial role in 
supercapacitor construction. Metal oxides, such as  MnO2, 
 CoFe2O4, ZnO,  SnO2, NiO, etc., exhibit rapid and reversible 
redox reactions, offering a straightforward approach with 
low resistance and high specific capacitance.1 However, the 
utilization of metal oxides does not remain cost-effective, 
hence the conducting polymers like polypyrrole (PPy), poly-
aniline (PAni), polythiophene, polyphenylenevinylene, and 
polyethylene dioxythiophene are favored for redox pseudo-
capacitors due to their cost-effectiveness, high electrical 
conductivity, and quick reversible oxidation–reduction pro-
cesses. These materials contribute to the efficient design and 
performance of supercapacitors.2

In the realm of conducting polymers, three key aspects 
warrant attention: suboptimal performance, inadequate 
cyclic stability, and loss of active material.3 Research sug-
gests that refining the microstructure and morphology of 
conductive polymers holds the potential to improve their 
performance. The challenges associated with poor cyclic 
stability during prolonged charge–discharge processes, 
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attributed in part to inferior mechanical stability leading to 
issues like swelling, shrinkage, and cracks, can be allevi-
ated by integrating conductive polymers with diverse car-
bon materials, such as carbon black, carbon fibers, carbon 
aerogels, micro-porous carbon, carbon nanotubes, graphene, 
and fullerene.4 Additionally, the issue of active material loss 
can be addressed by adopting innovative electrolytes with 
broader electrochemical windows. Among the above dis-
cussed carbon materials, graphene is used the most due to its 
larger surface area, high electrical conductivity, and higher 
specific capacitance. Also, compared to other conducting 
polymers, PAni exhibits substantially higher capacitance due 
to its reversible redox reaction. This particular conducting 
polymer and its carbon-based composite materials play cru-
cial roles as capacitive materials in supercapacitor appli-
cations. Nevertheless, its standalone use is constrained by 
issues such as inadequate rate capability, limited lifespan, or 
insufficient capacitance,5 but it can boost the electrochemical 
capacitance of carbon-based materials through their swift 
doping and  de-doping kinetics in charge–discharge cycles. 
When combined with graphene as a stable and conductive 
underlying network, the composite attains both enhanced 
electrical conductivity and improved cycling stability.

Previous investigations have primarily focused on the 
incorporation of conducting polymers into carbon com-
pounds. Cheng and collaborators (2011) pioneered the 
development of PAni nanofibers on a carbon fiber cloth 
through electro-deposition, revealing a weight-normalized 
specific capacitance of 673 F/g. The porous nature of the 
carbon fiber fabric facilitated electrolyte diffusion into the 
electrode material, establishing numerous channels for rapid 
ion transport.6 Chen et al. demonstrated a specific capaci-
tance of 716 F/g for their 3D porous graphene-based PAni.7 
Huang and colleagues crafted PAni layers deposited onto 
freestanding, flexible reduced graphene oxide/carbon nano-
tube (rGO/CNT) papers, reporting capabilities of 229 F/g, 
202 F/g, 181 F/g, and 155 F/g at current densities of 0.2 A/g, 
0.5 A/g, 1 A/g, and 2 A/g, respectively.8

Conversely, contemporary research endeavors are 
directed toward exploring the nanostructures of conduct-
ing polymers in conjunction with metal oxides and carbon 
compounds to augment the electrochemical performance 
of electrodes.9 Rahman and colleagues synthesized PAni, 
graphene oxide (GO), and their nanocomposites with metal 
oxides (MO) and hexagonal boron nitride for applica-
tion in supercapacitors. Their findings revealed a specific 
capacitance of 351 F/g, coupled with a high-power density 
of 4500 W/kg.10 Guo et al. engineered a unique structure 
by utilizing polyaniline (PAni) as a linker to anchor  NiS2 
with a hollow bowl-like configuration uniformly dispersed 
on the surface of GO, resulting in a noteworthy specific 
capacitance of 536.13 F  g−1 at 1 A  g−1.11 Upadhyay and 
collaborators incorporated ruthenium oxide nanoparticles 

and PAni nanofibers into the interplanar spaces of rGO, 
achieving a maximum areal capacitance of 1.66  Fcm−2 at a 
current density of 2 mA  cm−2.12 Yazar et al. (2022) reported 
a specific capacitance of 1217  mF  cm−2 (608.3  Fg−1) for a 
Cl-GO-doped PAni electrode at 4  Ag−1.5 Additionally, Xu 
and co-workers developed free-standing rGO/carboxym-
ethylcellulose (CMC)–PAni hybrid film electrodes, demon-
strating a specific capacitance of 450 mF  cm−2 (81.8 F  g−1) 
at 1 mA  cm−2. They highlighted that a robust interaction, 
facilitated by hydrogen bonding, between the two elements 
promotes the uniform and organized growth of PAni on the 
CMC substrate, thereby preventing detachment during the 
charging/discharging process.13

The aforementioned contemporary investigations and 
additional scholarly works elucidate that modifying fabrica-
tion methodologies, regulating doping parameters, and fine-
tuning the mass ratio of conducting polymer to graphene 
can enhance mechanical stability, consequently mitigating 
shrinking and swelling. This optimization further refines the 
microstructure and morphology of the conducting polymer, 
ultimately elevating the specific capacitance and cyclic sta-
bility of the electrode. rGO-conducting polymer composites 
can be synthesized by employing various routes, such as 
chemical oxidation polymerization in which the conduct-
ing polymer’s corresponding monomer can be polymerized 
using oxidizing agents like ammonium persulfate (APS) 
and mixing with GO to form a composite. Similarly, in situ 
polymerization 14 can be used, which involves the simultane-
ous reduction of GO to rGO with the polymerization of the 
monomer. Another method of synthesis of rGO-Conducting 
polymers composites is electrochemical deposition.15 In this 
method, the monomer is deposited electrochemically on the 
rGO-coated substrate. There are many more such methods 
that have been used for the synthesis of rGO-conducting 
polymer composites for energy storage applications.

In this current investigation, we have reported the elec-
trical characteristics through systematic manipulation and 
regulation of the mass ratio between PAni and rGO by in situ 
chemical polymerization. The synthesis involved the crea-
tion of rGO-PAni composites in the proportions of 1:40, 
1:60, and 1:80, followed by a comprehensive characteriza-
tion to assess their supercapacitive properties.

Experimental

The graphite powder was supplied by Sigma Aldrich, while 
the other chemicals (Aniline,  H2SO4 and HCl) were provided 
by CDH. Thomas Baker furnished  KMnO4,  H2O2, ammo-
nium persulfate, and hydrazine monohydrate (80%). The GO 
and rGO were synthesized from pure graphite powder using 
a modified Hummer’s method.16 In this process, graphite 
powder was mixed with  H2SO4, stirred for 2 h at 5°C, then 
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heated to 20°C by gradually adding  KMnO4 . After addi-
tional heating for 4 h, the solution was diluted, heated, and 
stirred before adding 10 ml of 30%  H2O2. The resulting 
brownish yellow precipitate was neutralized to pH 7 using 
a 1% HCl solution, dried at 60°C, and ground to obtain GO. 
Subsequently, the prepared GO was ultra-sonicated in dis-
tilled water, and 5 ml of hydrazine monohydrate was added 
at 98°C to yield black precipitates. Centrifugation, followed 
by washing with ethanol and distilled water, was employed 
to isolate the precipitates, which were then dried at 60°C 
overnight to obtain rGO.

The composites of rGO and PAni were synthesized using 
chemical polymerization in which a certain amount of rGO 
was dispersed in a 1% ethanol with the help of ultrasonica-
tion for 2 h. Aniline was added to the diluted  H2SO4  (main-
taining the mass ratio of 1:40 of rGO-PAni) and ultrasoni-
cated it for 2 h, and, to stabilize the reaction further, the 
solution was cooled to 10°C, when a bluish-colored solution 
was obtained. Then, 0.95 g ammonium persulphate was dis-
solved in small amount of deionized water and ultimately 
added to the previously obtained solution and left for polym-
erization under a magnetic stirrer for 20 h, when emerald-
colored precipitates were obtained. Finally, these precipi-
tates were washed with 1% ethanol and dried overnight in a 
hot air oven, hence obtaining a 1:40 rGO-PAni composite. 
Using a similar procedure, we synthesized 1:60 rGO-PAni 
and 1:80 rGO-PAni composites, by changing the amount of 
rGO and PAni.

Raman spectroscopy was conducted with an IndiRam 
instrument (CTR-300 with a 532-nm Laser), while Fourier 
transform infrared spectroscopy (FTIR) was employed by 
Perkins Elmer instrument. High-resolution transmission 
spectroscopy (HRTEM; Tecnai G2 20 S-TWIN; FEI) was 
performed, offering a point resolution of 0.24 nm and line 
resolution of 0.14 nm. All the mentioned characterizations 
were executed at the Malaviya National Institute of Technol-
ogy, Jaipur, India.

Results and Discussion

Fourier‑Transform Infrared Spectroscopy (FTIR)

Figure 1 displays the FTIR spectra of the rGO-PAni com-
posites with varying composite mass ratios. The compos-
ites labeled PNGP40, PNGP60, and PNGP80 correspond 
to the rGO-PAni ratios of 1:40, 1:60, and 1:80, respectively. 
The composite formation of PAni and rGO was confirmed 
through the various bands corresponding to different vibra-
tional modes, such as: 574  cm−1 (C-S stretching vibrational 
mode), 667  cm−1 (stretching deformation of aromatic ring), 
783  cm−1 (aromatic C-H bending for substitutional aromatic 
ring)17,  and 1241  cm−1 (carboxyl C-OH). Similar FTIR 

modes were observed by Tang et al.:17 1280  cm−1 (protona-
tion of imine nitrogen atoms of quinoid rings), 1483  cm−1 
(C = C stretching vibration of benzoid and quinoid struc-
tures), 1560   cm−1 (presence of quinoid and benzenoid 
rings in emeraldine salt), and 1726  cm−1 (C = O stretching 
vibration of GO).18–27 The presence of rGO was confirmed 
by a band at 1034  cm−118, and another peak at 2920  cm−1 
represents the presence of methyl groups (C-H stretching 
vibrations).20 The combination of new peaks and slight vari-
ations in the position of bands were observed as one band at 
3784  cm−1 in PNGP40, whereas two bands were observed 
in PNGP60 at 3852  cm−1 and 3744  cm−1 , and in PNGP80 at 
3773  cm−1 and 3726  cm−1 . Similarly, some other bands also 
appear around higher wave numbers, due to the slight vari-
ation in the components’ amount in the composites show-
ing the change in interacting with the environment of the 
rGO-PAni.28

Raman Spectroscopy

Raman spectra of graphene-based PAni composites 
PNGP40, PNGP60, and PNGP80 are shown in Fig. 2, show-
ing the characteristic vibrations of both the rGO and PAni. 

Fig. 1  FTIR spectra of rGO-PAni composites synthesized at different 
mass ratios.
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The plots show the D-band characteristic peak of the amor-
phous materials at 1360  cm−1 appearing due to the disorders 
created in rGO from the polymerization and attributed to the 
stretching vibration of the C = C bond in the quinoid ring. 
The D-band corresponds to the  A1g mode in the spectra, 
involving C = C bond vibrations in both the components of 
the composites (i.e., rGO and PAni). The peak also reveals 
the stretching vibration of C-N bonds. Soudagar et al. and 
Humpolicek et al.29,30 reported that the G-band at 1562  cm−1 
appeared due to the vibration of the C = C bond of the ben-
zenoid rings present in the PAni matrix, revealing the pres-
ence of an emeraldine form.31 According to Mitra et al.,32 the 
position of the peak at 1562  cm−1 also corresponds to C-H 
vibrations in the benzenoid rings of the composite struc-
tures. The G-band corresponds to the  E2g mode that involves 
the in-plane vibrations of the C-atoms in the rGO base struc-
ture. The intensity ratio of the D-band to the G-band  (ID/IG) 
observed for PNGP40 was 2.16, and 2.074 for PNGP60 and 
1.253 for PNGP80. The decreased value of  ID/IG with the 
variation of PAni was attributed to a more ordered or stabi-
lized structure.27 As the mass ratio of rGO-PAni varies and 

the amount of PAni is increased in the composites to1:40, 
1:60, and 1:80; the reduction in the  sp2 carbon of the rGO 
takes place, which ultimately reduces the Raman scattering 
and hence the Raman intensity decreases. PAni involves the 
conversion of an amorphous structure to an ordered structure 
and hence leads to a decrease in ID:IG.33,34

X‑ray Diffraction (XRD)

The XRD study was conducted to analyze the structure of 
the rGO-PAni composites, as shown in Fig. 3. The charac-
teristic peaks for the composites of rGO-PAni were observed 
at 2θ equal to 24.67°  corresponding to the (200) plane of 
PAni in emeraldine salt form, and the characteristic peak 
at 21.08° corresponding to the (002) plane of rGO.35 The 
two simultaneous adjacent peaks in the XRD pattern signify 
the layered structure of the composites,36 and the forma-
tion of the rGO-PAni composite that we intended to synthe-
size via in situ chemical polymerization reaction, while the 

Fig. 2  Raman spectra of rGO-PAni composites synthesized at differ-
ent mass ratios. Fig. 3  XRD pattern of rGO-PAni composites synthesized at different 

mass ratios.
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broadening of the peaks in the XRD pattern represent the 
amorphous nature of the composites.

Morphological Study

To know more about the synthesized composites, the 
surface morphology of the composites of rGO-PAni 
were studied with SEM. Figure 4 shows the SEM images 
for PNGP40, PNGP60, and PNGP80 at resolutions of 
1 μm and 10 μm. The images of the samples exhibit the 
amorphous surface morphology with randomly aggre-
gated particles over the stacking of rGO, and hence 
show the presence of a PAni network over the surface 
of rGO, revealing the in situ polymerization. Chen and 

his co-workers  reported37 that the introduction of rGO 
to the PAni enhances its electrical property. Liu et al.38 
discussed in their paper that PAni nanoparticles embed-
ded in the rGO reinforce the charge transfer between rGO 
and PAni, and hence help the enhanced electrochemical 
performance. Dong et al.,39 discussed the synthesis of the 
rGO-PAni composite to enhance the surface area by grow-
ing nanorods over the stacked rGO. Rajagopalan et al.40 
described the restacking of randomly aggregated graphene 
sheets with active spaces between the sheets making them 
capable of inducing electrolyte diffusion and hence suit-
able for supercapacitor application. The layered structure 
of the composites shown in the SEM images signify the 
enhanced surface area, and the few particles above the 

Fig. 4  SEM images of rGO-PAni composites synthesized at different mass ratios.
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rGO layers represent the PAni,41 and the different mor-
phology depicts the varied ratio of rGO and PAni in the 
synthesized composites.

Electrochemical Measurements

The electrochemical performances of the graphene-based 
PAni composites, PNGP40, PNGP60, and PNGP80, were 
observed with the help of cyclic voltammetry using a 
three-electrode system. Figure 5 depicts the voltammo-
grams for the synthesized pseudocapacitive materials at 
various scan rates ranging from 5 mV/s to 50 mV/s in the 
potential range of 0.2–0.8 Vm, and their symmetric cyclic 
plots exhibit the reversibility over a number of redox 
cycles and hence confirms their electrochemical stability 
and their efficiency for the application of supercapacitors. 
The specific capacitance of a material can be calculated 
from the voltammogram, using the relationship:42

where s denotes the scan rate measured in mV/s, ΔV  repre-
sents the potential window, and m denotes the mass of the 
sample material loaded on the electrode substrate. During 
the electrochemical measurements, the specific capacitances 
observed for PNGP40 are 3.18  Fg−1, 3.64  Fg−1, 4.32  Fg−1, 
5.70   Fg−1, 9.49   Fg−1 , and 17.21   Fg−1 at scan rates of 
5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, and 50 mV/s 
respectively; for PNGP60, they are 6.78  Fg−1, 7.57  Fg−1, 
8.68  Fg−1, 10.76  Fg−1, 16.23  Fg−1 , and 27.01  Fg−1 at scan 
rates of 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 
and 50  mV/s, respectively; and for PNGP80, they are 
7.77  Fg−1, 7.88  Fg−1, 9.03  Fg−1, 10.68  Fg−1, 14.80  Fg−1 , 
and 20.40  Fg−1 at scan rates of 5 mV/s, 10 mV/s, 20 mV/s, 
30 mV/s, 40 mV/s, and 50 mV/s, respectively. Thus, the 
average specific capacitance for the above-mentioned scan 
rates is 7.26  Fg−1 for PNGP40, 12.84  Fg−1 for PNGP60, and 
11.76  Fg−1 for PNGP80. Figure 5d shows the trends in the 

CSp =
∫ Current

s ∗ ΔV ∗ m

Fig. 5  Cyclic voltammetry of rGO-PAni composites synthesized at different mass ratios.
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variation of specific capacitance with scan rate, revealing the 
decrease in specific capacitance of the sample materials with 
the increase in scan rate. A research group has also described 
the synergistic effect between rGO and PAni, due to the 
potential window for the redox reaction.43 As described 
above in the Raman spectroscopy section, the increase of 
PAni content in the composites led to an ordered structure 
and provided better electrical conductivity, which is desira-
ble for enhancing the capacitive performance of the superca-
pacitor. Among the three composites, PNGP60 exhibited the 
maximum gravimetric capacitance. The non-linear variation 
in specific capacitance of the composites is expected, due to 
the deviation of composition of the synthesized composites 
from the optimal composition. As E =

1

2
CV

2 , therefore, 
with the increase of specific capacitance, the energy density 
also increases. However, an increase in energy density often 
leads to some loss of power density.36

Conclusions

The synthesis of rGO-based PAni nanocomposites with 
varying rGO to PAni mass ratios of 1:40, 1:60, and 1:80 
have been carried out by in situ polymerization. The syn-
thesized composites underwent various characterizations 
for the confirmation of their successful synthesis. The 
FTIR studies showed prominent peaks at around 574  cm−1, 
667  cm−1, 783  cm−1, 1241  cm−1, 1483  cm−1, 1560  cm−1 , 
etc. corresponding to various vibrational modes of chemical 
bonds, and hence confirmed the synthesis of the rGO-PAni 
composites. From the XRD patterns, peaks were observed 
at 21.08° and 24.67°, and the formation of semi-crystalline 
planes for rGO and PANi in the rGO-PAni composites at 
(002) and (200), respectively. Raman studies confirmed the 
composition of the composites. The position of the G- and 
D-bands described the vibrational modes analogue to differ-
ent bonds. The extent of defects and disorder was also calcu-
lated for the samples using ID/IG ratios. SEM images showed 
the layered structures with randomly aggregated PAni over 
the rGO, and hence confirmed the in situ polymerization 
of the composites. Cyclic voltammetry was carried out to 
validate the electrochemical performance of the composites. 
The samples underwent electrochemical diffusion with KOH 
as the electrolyte, giving the specific capacitance of the 
samples at different scan rates. The average specific capaci-
tance calculated for the scan rates from 5 mV/s to 50 mV/s 
were 7.26  Fg−1 for PNGP40,12.84  Fg−1 for PNGP60, and 
11.76  Fg−1 for PNGP80. The maximum specific capacitance 
of the PNGP60 among the three samples provided an idea 
of the optimum ratio of rGO and PAni in the composites.
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