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Comprehensive investigation of multifunctional
polyaniline/reduced graphene oxide
nanocomposites synthesized from deep eutectic
solvents: experimental, RSM, ANN and
computational studies†

Abir Boublia, ‡a Zahir Guezzout,b Nacerddine Haddaoui,a Michael Badawi, c

Imane Lakikza,d Ilyas Belkhettab,e Ouahiba Moumeni,f Saoussen Imene Aouni,d

Manawwer Alam g and Yacine Benguerba *h

This work reports a comprehensive investigation into the synthesis, modeling, and characterization of

multifunctional polyaniline/reduced graphene oxide (PANI/rGO) nanocomposites, with a focus on their

synthesis using deep eutectic solvents (DES). Leveraging an in situ chemical polymerization method,

PANI/rGO nanocomposites were successfully synthesized, introducing a novel approach employing DES

as the electrolyte. The study utilized response surface methodology (RSM), artificial neural networks

(ANN), and molecular simulation techniques to model, optimize, and characterize the nanocomposites

comprehensively. RSM analysis disclosed the impact of APS/ANI molar ratio, rGO loading, and

polymerization time on electrical conductivity, with optimal conditions identified: APS/ANI molar ratio of

0.75, 3 wt% rGO loading, and a 6-hour polymerization time, yielding a high electrical conductivity of

4.975 � 10�3 S cm�1. Integration of ANN techniques enhanced predictive accuracy, reaching an

electrical conductivity of 4.988 � 10�3 S cm�1, surpassing RSM. Characterization techniques including

UV-vis, PL, Raman, FTIR, and XRD highlighted structural changes, while XPS analysis revealed intensified

C–N peaks in PANI/rGO, indicating a denser nanocomposite coating. Electrochemical studies show-

cased superior capacitance at 145.79 F g�1, surpassing individual components, and TGA analysis revealed

enhanced thermal stability. Molecular-level insights provided a nuanced understanding of the PANI–rGO

system through FMO, COSMO-RS, NCI, and QTAIM analyses. The study not only presents an innovative

synthesis method but also positions PANI/rGO nanocomposites as promising materials for

supercapacitors and gas sensors, offering potential for advancements in green chemistry and eco-

friendly innovations.
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1. Introduction

Polyaniline (PANI) has been a subject of extensive investigation
due to its noteworthy characteristics, drawing significant inter-
est for possible use in electronic devices such as batteries,
capacitors, and sensor materials. Its outstanding conductivity
and adaptable features position it as a compelling choice for
advancing modern electronic technologies.1–3 Notably, the
combination of PANI with carbonaceous elements in nanocom-
posites has surfaced as an attractive tactic for crafting sophis-
ticated materials, capitalizing on their mutually beneficial
attributes. PANI is distinguished by its outstanding electrical
conductivity, elevated pseudocapacitance, and robust resilience
against environmental degradation.4,5 Simultaneously, carbo-
naceous materials, encompassing graphene, carbon nano-
tubes, and carbon black, are recognized for their remarkable
mechanical strength, extensive surface area, and excellent
electrical conductivity. Researchers have significantly enhanced
electrochemical performance through this combination, mak-
ing these materials well-suited for diverse applications.6,7

Among carbon-based materials, graphene distinguishes itself
with exceptional electrical, thermal, and mechanical
characteristics.8,9 Its low density,10 remarkable specific surface
area,11 and robust electron mobility12 position it as an ideal
substrate for embedding active polymers in nanocomposites.13

Since its groundbreaking discovery in 2004 by Geim and
Novoselov,14 researchers have extensively investigated the inte-
gration of graphene as a nanofiller into PANI for the develop-
ment of versatile nanocomposites. The synergistic interplay
between these components has resulted in significant enhance-
ments in their thermal, electrical, mechanical, optical, and
electrochemical properties when compared to either pristine PANI
or standalone graphene.13,15 Nevertheless, graphene faces chal-
lenges like insolubility in aqueous environments and a tendency
to agglomerate due to van der Waals interactions between its
sheets. In response to these challenges, derivatives of graphene,
particularly reduced graphene oxide (rGO), have emerged as
promising nanofillers for polymer nanocomposites.16–18

Extensive research have been directed towards enhancing the
electrical characteristics of PANI/rGO.19,20 Consequently, the
heightened electrical conductivity and supercapacitance observed
in PANI/rGO nanocomposites have facilitated their utilization
across diverse fields, including various electronic applications,21

supercapacitors,19 energy storage,22 sensing systems and
detectors,23,24 fuel-cell systems,25 and numerous other domains.

The synthesis of PANI/rGO nanocomposites conventionally
relies on several methods. Electrochemical polymerization
involves depositing PANI onto a GO-coated electrode, allowing
precise control over thickness and morphology, but is limited
to coating applications.26 Interfacial polymerization poly-
merizes aniline at the interface of two immiscible liquids,
producing high surface area composites but often resulting in
heterogeneous and less uniform properties.27 In situ chemical
oxidative polymerization is the most commonly used method
due to its efficiency. It polymerizes aniline in the presence of
GO, which reduces to rGO during the process, ensuring good

interaction between PANI and rGO and resulting in improved
conductivity and mechanical properties.28,29 However, achiev-
ing higher electrical conductivity requires meticulous optimiza-
tion of various parameters.30 These encompass critical factors
such as GO filler loading, the oxidant-to-monomer ratio, the
nature and concentration of dopant acids, reaction tempera-
ture, monomer purity, and polymerization time.31,32 The tradi-
tional approach to optimization, involving the alteration of one
parameter at a time, is time-intensive and resource-draining.
Conducting numerous experiments, each adjusting a single
factor while keeping others constant, consumes considerable
time and energy resources. To overcome these limitations, a
more efficient approach involves the collective optimization of
all pertinent parameters. This is accomplished through an
empirical design based on statistical methodologies, illustrated
by the implementation of response surface methodology
(RSM).33,34 RSM, combining mathematical and statistical meth-
ods, plays a significant role in process modeling and optimiza-
tion studies.35 It discerns the impact of independent variables,
either in isolation or combination, on the synthesis processes.
An inherent strength of RSM lies in its capacity to reduce the
number of experiments needed for an in-depth statistical
analysis, especially in scenarios involving numerous factors.
This modeling approach utilizes polynomials to locally approx-
imate, resulting in the derivation of a mathematical expression
that succinctly expresses the complex interplay between the
response and the independent variables.34

Within the realm of RSM, the Box–Behnken design (BBD)
offers significant advantages over the central composite design
(CCD) by reducing the number of experimental runs and
avoiding extreme factor levels, thus saving valuable time and
resources while preventing potentially unsatisfactory or
unstable results. Conversely, CCD provides better accuracy for
quadratic surface fitting due to its inclusion of axial points but
requires more resources and involves extreme conditions,
which may not always be practical. Therefore, BBD is more
advantageous for preliminary optimization, while CCD is suited
for detailed studies.34,36,37

Additionally, artificial neural networks (ANN) function as a
versatile modeling tool capable of addressing both linear and
nonlinear multivariate regression problems across diverse pro-
cesses, including synthesis and nanocomposite fabrication.34

Inspired by the biological brain, an ANN begins with the
creation of a neural network comprising multiple layers, each
housing a defined number of artificial neurons. Each neuron is
characterized by a weight and an activation function, where the
weights represent the connections between neurons and the
activation function mimics the neuron’s response. The weight
is a crucial parameter that represents the connection between
neurons and is optimized during the backpropagation process.
Initially, the input data, described by descriptors encapsulating
the essential characteristics of the input data, is processed.
These descriptors are then multiplied by the corresponding
weights and passed through an activation function, effectively
initiating a feedforward operation within the network. During
the ANN’s training phase, the network iteratively adjusts its
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weights through a procedure known as backpropagation,
guided by the minimization of the mean square error between
the network’s predicted output and the actual experimental
data. This optimization process is critical for the model to learn
the underlying relationships and features within the data
effectively. The final steps of ANN modeling involve validating
and testing datasets, which are crucial for assessing network
performance.38,39 While ANNs can be computationally expen-
sive and require substantial data and time for training, these
limitations can be mitigated through several strategies. Data
preprocessing and augmentation, efficient network architec-
tures, advanced optimization algorithms, parallel and distrib-
uted computing, and hybrid approaches—such as clustering
strategies and combining traditional machine learning techni-
ques with ANNs—can significantly enhance efficiency and
performance.40 These methods ensure that the powerful cap-
abilities of ANNs can be harnessed effectively, even within
resource-constrained environments.

Moving beyond experimental design investigations, molecu-
lar simulations have become instrumental in guiding research-
ers in synthesizing intricate materials and understanding
mechanisms at the electronic scale. Despite significant efforts
to uncover interaction mechanisms with diverse materials,
there’s an increasing demand for a unified framework that
integrates in situ nanoscale research, molecular modeling, and
their macroscopic implications. Widely embraced computa-
tional chemistry techniques, notably density functional theory
(DFT), is predominantly applied to predict the electronic struc-
ture and ground-state geometries of materials. DFT calcula-
tions provide a quantum mechanical description of the
electronic distribution within materials, which is fundamental
for the understanding of their intrinsic properties. On the other
hand, molecular dynamics (MD) simulations are typically
employed for simulating the behavior of large systems under
real-world conditions, such as varying temperatures and pres-
sures. MD simulations animate the movements of atoms and
molecules over time, providing dynamic insights into material
behaviors in conditions that closely mimic operational
environments.41,42 These methods, considering certain elec-
tron correlation effects at a computationally feasible expense,
lay the groundwork for comprehending various chemical
processes.43 Their application in calculating nanocomposite
characteristics and interactions with filler materials offers
valuable insights into the chemical attributes of these
complexes.44

A thorough literature review was conducted to pinpoint the
key factors influencing the electrical conductivity of PANI/rGO.
The investigation revealed that the electrical conductivity of
PANI experiences an increase with a higher oxidant molar ratio.
Such enhancement in conductivity is attributed to a rise in the
density of cation radicals and the extension of PANI chain
length. These factors facilitate an enhanced interchain transfer,
thereby increasing the carrier mobility.45 Nevertheless, concen-
trations of oxidant exceeding 0.5 M resulted in phenazine
production, causing a reduction in electrical conductivity.46,47

Moreover, studies demonstrated an initial increase in PANI

conductivity with an aniline amount of up to 0.15 M, followed
by a decrease with further additions of aniline.48 The investiga-
tion of the oxidant-to-aniline ratio indicated that an optimal
PANI conductivity and yield were achieved with a ratio close to
1. Higher ratios, however, led to over-oxidation, resulting in a
decrease in both conductivity and yield.49 Diverse dopants were
explored for their impact on electrical conductivity, showing a
positive correlation between dopant concentration and PANI’s
conductivity.50 Although, an increase in the dopant/aniline
ratio resulted in a notable decline in PANI conductivity, empha-
sizing the influence of intramolecular mobility of charged
species along the chain on electrical conductivity, surpassing
the impact of intermolecular hopping within crystalline
regions.51–53 At extremely elevated dopant concentrations, a
substantial decline in conductivity was accomplished through
concurrent reductions in doping levels and crystallinity.54

Evaluation of PANI/rGO nanocomposites across different tem-
peratures and rGO loadings demonstrated enhanced conduc-
tivity as temperature rises, linked to thermally-assisted charge
carrier hopping in disordered materials.45–48,50,54,55 The inte-
gration of rGO into the PANI matrix notably enhanced the
conductivity of the nanocomposite. This improvement can be
attributed to synergistic interactions between the PANI and rGO
phases, involving charge transfer among delocalized P-
orbitals.56 The duration and temperature of the synthesis
process played a crucial role in determining the size and
structure of PANI/rGO nanocomposites, directly influencing
their electrical conductivity. Extended synthesis times and
lower temperatures yielded larger and well-defined PANI/rGO
systems with enhanced electrical conductivity. Previous studies
emphasized that the yield and electrical conductivity remain
unaffected by the polymerization temperature when main-
tained below 0 1C.54,57 Conversely, elevated temperatures were
found to induce more defects, resulting in diminished
conductivity.51 Consequently, a polymerization temperature of
approximately 0 1C was considered optimal for the synthesis of
PANI/rGO.

In light of the reviewed literature, despite numerous studies
on PANI synthesis, a specific optimization of PANI/rGO con-
ductivity using RSM techniques, particularly in scenarios invol-
ving the nanoscale, taking into account the interactions and
synthesis factors at play, remains unexplored. This study
addresses this gap by identifying key factors influencing PANI
electrical conductivity, including rGO loading, oxidant-to-
monomer molar ratio, and polymerization time. Notably,
PANI/rGO was synthesized via in situ polymerization in a cho-
line chloride/triethylene glycol-based deep eutectic solvent
(DES) acting as an electrolyte. Employing BBD-RSM and ANN
methodologies, we systematically assessed various nanocom-
posite synthesis conditions, analyzing the intricate relationship
between electrical conductivity and these factors. Beyond opti-
mization, we conducted a comprehensive analysis of the
synthesized nanocomposites using Ultraviolet-visible spectro-
scopy (UV-vis), photoluminescence spectroscopy (PL), Raman
spectroscopy, Fourier-transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
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cyclic voltammetry (CV), and thermogravimetric (TGA) analyses,
exploring their structural, optical, and electrochemical proper-
ties. Significantly, our tailored computational models for PANI
and rGO align with experimental data, enhancing the credibil-
ity of our findings. Theoretical analyses, including Frontier
molecular orbital (FMO), conductor like screening model for
real solvents (COSMO-RS), non-covalent interaction (NCI)
based on the reduced density gradient (RDG), and quantum
theory of atoms in molecules (QTAIM) deepen our understand-
ing of bonding interactions, providing insights for potential
applications in nanocomposite technology. The rationale
behind using DES in this study is multi-faceted. First, DES
enhances the solubility of reactants, providing a stable medium for
in situ polymerization, which leads to a more uniform dispersion of
rGO within the PANI matrix. DES components, TEG (hydrogen
bond donor) and choline chloride (hydrogen bond acceptor), play
crucial roles in this process. TEG helps disperse rGO, preventing
agglomeration, while choline chloride facilitates the polymerization
process and stabilizes the formed nanocomposite. This combi-
nation ensures better integration of rGO with PANI, resulting in
improved electrical conductivity and mechanical properties of the
final composite. Moreover, the use of DES is more environmentally
friendly and scalable, making it suitable for industrial applications.
This study presents a novel and superior method for synthesizing
PANI/rGO nanocomposites, addressing gaps in existing literature
and offering a comprehensive optimization strategy for enhanced
electrical conductivity.

2. Material and methods
2.1. Materials

Choline chloride (ChCl) ([(CH3)3NCH2CH2OH]+Cl�, Sigma-Aldrich,
99%), tetraethylene glycol (TEG) (HO(CH2CH2O)3CH2CH2OH,
Aldrich, 99%), natural graphite powder was consummated by using
graphite as a powder with particle size of the order of 10 mm.
Sulfuric acid (H2SO4, Aldrich, 98%), sodium nitrate (NaNO3,
Aldrich, 99%), hydrogen peroxide (H2O2, Aldrich, 30%), hydrazine
monohydrate (N2H4, Sigma-Aldrich, 499%), aniline monomer
(ANI)(C6H5NH2, Sigma-Aldrich, Z99.5%), ammonium persulfate
(APS) ((NH4)2S2O8, Sigma-Aldrich, 98%) was utilized as an oxidant
and hydrochloric acid (HCl, Fisher chemical, 37%). All materials
were employed in their as-received state, and aniline was saved
under refrigeration at 4 1C when not in use.

2.2. Sample preparation

Three different DES formulations were prepared by combining
ChCl with TEG in varying molar ratios (1 : 1, 1 : 2, and 1 : 3). The
mixtures were heated at 60 1C with continuous stirring. After 30
minutes, the resulting DESs became a homogeneous colorless
liquid. Fig. 1 provides a schematic representation of the DES
preparation process. Only the DES with a 1 : 2 molar ratio
exhibited stability and was selected for further experimenta-
tion. The preparation of GO is followed our prior work58,59 and
for the reduction of GO to rGO, a hydrazine chemical reduction
method was then employed.

The synthesis of PANI/rGO nanocomposites was carried out
according to previously established procedures.60,61 Initially, a
dispersion of rGO was prepared by weighing the appropriate
amount, adding distilled water, and subjecting it to ultrasoni-
cation for 1 hour. Simultaneously, an APS solution was pre-
pared by dissolving it in a fresh 1 M HCl/30% DES solution. The
DES concentration is crucial to retain its properties and ensure
that the synthesis of the composites is facilitated by the DES
serving as an electrolyte,62 rather than the individual effects of
TEG and ChCl in solution. The synthesis of PANI/rGO com-
menced with the dissolution of pure aniline and rGO in the 1 M
HCl/30% DES solution, forming an aniline-rGO suspension.
This suspension was ultrasonicated for 20 minutes and then
placed in an iced bath, maintaining a temperature range of 0–
5 1C while being mechanically stirred (as depicted in Fig. 1).
The APS solution was carefully added drop by drop to the
aniline-rGO suspension in a two-step process to prevent exces-
sive temperature elevation. The oxidant-to-aniline ratio was
meticulously controlled throughout the synthesis. Approxi-
mately 20–30 minutes after the initial addition of the oxidant,
the solution’s color transitioned from blackish-blue to progres-
sively greener, indicating the progression of the reaction. The
resultant nanocomposites and pure PANI were separated by
centrifugation, thoroughly washed with 1 M HCl, fresh distilled
water, and acetone, and subsequently dried in an oven at 50 1C
for 48 hours. Details regarding the polymerization time, the
aniline-to-rGO ratio, and the aniline-to-APS ratio are provided
in the experimental design strategy outlined below.

2.3. Experimental design by response surface methodology

Data analysis investigation is a valuable tool for uncovering
concealed insights and constructing predictive models. The
RSM, initially introduced by Box and Wilson,35 stands out as
a robust approach for scrutinizing interactive influences within
a system and for optimizing its performance. RSM typically
employs specific experimental designs, with the most com-
monly employed ones being the Box–Behnken design (BBD)
and the central composite design (CCD).35 In the context of this
study, we employed the BBD design to explore the impact of
variables such as molar ratio of APS/ANI, rGO loading, and
polymerization time on the electrical conductivity of PANI/rGO-
based nanocomposites. Within the BBD framework, each factor
is systematically assigned one of three equidistant values. The
experimental conditions are represented by points positioned
at the midpoint of the edges in the experimental space, which
can be visualized as a cube, as well as at the center (as depicted
in Fig. 2).

The total number of experiments, N, the variables under
consideration, k, and the central points, C0, can be calculated
using the following eqn (1):

N = 2k (k � 1) + C0 (1)

Table 1 provides an overview of the experimental design
using the BBD model. This design incorporates three factors,
each with three levels, and we have included both actual and
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coded values for better understanding. The three optimized
independent variables are APS/ANI ratio (X1), rGO loading (X2),
and polymerization time (X3). For each independent variable,
we employed a horizontal encoding scheme, which assigns
three values: �1, 0, and +1, facilitating a systematic exploration
of the experimental space. The actual ranges for these variables
are: APS/ANI ratio (X1) from 0.25 to 0.75, rGO loading (X2) from
1 to 5 wt%, and polymerization time (X3) from 2 to 6 hours. The
selected range of rGO loadings (1, 3, and 5 wt%) was based on a
combination of literature evidence and systematic pilot experi-
mentation. Literature suggests that rGO loadings within this

range effectively enhance the electrical and mechanical
properties of PANI/rGO nanocomposites. Pilot experiments
conducted with rGO loadings below 1 wt% showed minimal
improvements in properties, while loadings above 5 wt% led to
processing difficulties due to increased viscosity and rGO
aggregation. Therefore, the chosen range optimally enhances
the properties of PANI/rGO nanocomposites while maintaining
good processability.26,63–65

The relationship and interactions between the independent
variables and the response factors were thoroughly investigated
using a second-order polynomial equation (eqn (2)):

y ¼ b0 þ
Xk
j¼1

bjXj þ
Xk
j¼1

bjjXj
2 þ

Xk
io j

bijXiXj (2)

Here, y represents the predicted value of the response, b0 is
the offset term, j, ij, and jj correspond to the linear coefficients,
the cross-product coefficients, and the quadratic coefficients,
respectively. Xi and Xj are the independent factors. To carry out
this analysis, we employed JMP SAS Pros 16 software. This
robust software facilitated the evaluation of experimental data
and the execution of analysis of variance (ANOVA) to ascertain
the model’s fitting accuracy. This statistical analysis is essential
for understanding the impact and significance of the indepen-
dent variables on our response factors.

2.4. Artificial neural network

Artificial neural networks (ANNs) are computational frame-
works inspired by the structure of the biological nervous
system. They include diverse architectures such as feedforward
networks, radial basis function networks, and fuzzy
networks.38,39 As demonstrated via Hornik et al.,66 multilayered
feedforward networks, even with just one hidden layer, possess
the capability to accurately approximate any function from n
dimensions to m dimensions. In recent years, ANNs have
revolutionized engineering by offering unparalleled predictive
and estimation capabilities, surpassing conventional modeling
approaches like RSM concerning predictive precision.67,68 In

Fig. 1 Flowchart illustrating of the experimental methodology used in this work.

Fig. 2 Configuration of the Box–Behnkendesign for a three-factor
system.

Table 1 Factors Investigated in the Box–Behnken design experiment

Factors Coded

Levels

�1 0 1

Molar ratio of APS/ANI X1 0.25 0.5 0.75
rGO loading (wt%) X2 1 3 5
Time (h) X3 2 4 6
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the present study, we harnessed the power of ANNs to predict
the intricate, non-linear relationship between our input para-
meters (X1, X2, and X3) and the response variable (y), utilizing
an experimental dataset derived from the BBD design. Our
network architecture was meticulously constructed using JMP
SAS Pros 16 software (SAS Institute, Cary, NC), ensuring the
efficacy of the feed-forward ANN. The configuration of the
neural network holds a pivotal role in shaping the ANN model’s
capacity for generalization. It essentially comprises three key
layers: input, hidden, and output, with each layer accommodat-
ing an array of neurons. The quantity of neurons in the input
and output layers directly corresponds to the count of input
and output variables. Consequently, we evaluated eight differ-
ent ANN architectures, each equipped with a single hidden
layer containing varying neuron counts ranging from 3 to 24. To
ensure the model’s robustness and reliability, we divided our
datasets into training and testing subsets, following an
80% : 20% ratio. This strategy allowed us to systematically
explore various ANN architectures, ultimately selecting the
optimal setup based on superior performance with the testing
dataset. The equations within the ANN model incorporate
various parameters that elucidate the neural network’s beha-
vior. These parameters encompass the weights (Wm) connecting
neurons, the inputs (x) to specific neurons (n), considerations
of the hidden layer (l), and the biases (b) associated with each
neuron. Additionally, we incorporated the hyperbolic tangent
(tan h) function into the expressions, effectively confining the
output of each neuron to the variety of [�1, 1]. This interval
signifies the extent of activation or deactivation, ensuring
meticulous control over the network’s dynamics and results.
The mathematical representation of the output of neuron ( j)
arises from the synergistic interplay of these parameters:

Hn;l ¼ tanh
X
m¼1
ðWm;n;lÞ Xn;l

� �
bn;l

 !
(3)

To assess the effectiveness of both ANN and RSM models,
performance metrics including root mean square error (RMSE),
coefficient of determination (R2), average absolute relative
deviation (AARD), and mean absolute error (MAE) were applied
where their expressions are shown in eqn (4)–(7), respectively.
Where sexp, spred, and �s indicate the experimental, predicted,
and average values, while p denotes the total count of experi-
mental data points.

R2 ¼ 1�

Pp
1

sexp � spred
� �2
Pp
1

sexp � �s
� �2 (4)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPp
1

sexp � spred
� �2

p

vuuut
(5)

AARD %ð Þ ¼ 100

p
�
Xp
1

spred � sexp
� ��� ��

sexp
(6)

MAE ¼ 1

p

Xp
1

spred � sexp
�� �� (7)

2.5. Characterization and morphology

The Ultraviolet-visible (UV-vis) were recorded with V-650 JASCO
spectrophotometer equipped with an integrating sphere. The
photoluminescence (PL) investigation was carried out on the
spectrofluorometer HORIBA FL3-DFX-iHR320 model. Raman was
recorded with an invia microscope spectrometer (RENISHAW).
Fourier-transform infrared (FTIR) spectroscopy was analyzed by
the V-650 JASCO spectrophotometer equipped with an integrating
sphere. X-ray diffraction (XRD) analysis was performed with Cu Ka
X-ray sources on a D/Max-2400 powder diffractometer (Japanese
Physical Company). The surface analysis of the synthesized materi-
als was examined through means of an X-ray Photoelectron
Spectroscopy (XPS) (Escalab THERMO SCIENTIFIC).

Cyclic voltammetry (CV) experiments were performed utiliz-
ing a Volta Lab PGZ 301 apparatus with Volta Master 40 soft-
ware, employing a standard three-electrode configuration. The
setup comprised a counter electrode made of platinum, a
reference electrode of Ag/AgCl, and a working electrode made
of platinum with modifications. A solution of 0.1 M lithium
perchlorate (LiClO4) in dimethylformamide (DMF) served as
the electrolyte support in the analytical protocol. The electro-
chemical performances of PANI/rGO nanocomposites were
explored through CV within a potential window with a range
of �0.8 V to 1.6 V.

Thermal stability study of the PANI/rGO nanocomposites
were conducted under nitrogen atmosphere (N2) at room
temperature up to 1000 1C with a heating rate of 10 1C minutes
through thermogravimetric (TGA) analysis.

2.6. Electrical conductivity measurements

The four-point probe method was employed to assess the electrical
conductivity of pure PANI, rGO, and PANI/rGO nanocomposites.
Digital micrometers were used to determine the thickness of the
samples, which were shaped into discs with a diameter of approxi-
mately 12 mm. The electrical measurements were performed using
a Keithley 195 current source and a Keithley 197 electrometer, both
computer-controlled. For these measurements, the disc pellet
samples were placed on an insulated test bed, connected to a
PRF-912 probe model. This test was primarily focused on quantify-
ing the sample’s surface resistance. The reciprocal of resistivity (r)
determined the electrical conductivity (s) of the disc pellet samples,
as expressed in eqn (8):

s ¼ 1

r
(8)

where s represents electrical conductivity in Siemens per centi-
meter (S cm�1), while r denotes resistivity measured in ohm-
centimeters (O cm).

2.7. Computational methodology

This study involved comprehensive calculations concerning
geometric parameters, internal energies, and electronic
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properties of the nanocomposite. Initially, we utilized the
Material Studio software69,70 to perform MD simulations aimed
at assessing the interaction energy between the PANI molecule
and rGO sheet. The initial simulation box was constructed by
placing the rGO sheet alongside the PANI molecule to investi-
gate the inherent interactions between these components.
Accordingly, the box’s geometry was optimized to relax the
entire molecular system. Subsequently, the box underwent NVT
dynamics for approximately 2000 picoseconds, utilizing a
1 femtosecond time step at a temperature of 298 kelvin. These
simulations employed the COMPASS forcefield.71 After the NVT
dynamics, a second MD simulation was conducted using the
NPT thermodynamic ensemble for 20 000 picoseconds, also
with a 1 femtosecond time step at 298 kelvin. The outcome of
this simulation led to another round of geometric
optimization.70,72 Energies were calculated for approximately
of a hundred resulting conformations or more. Among these
conformations, the one with the lowest energy was selected as
the model for subsequent analysis. The selected model was
further optimized via the DFT M06-2X functional70,73–77 and the
TZVP basis set,78–80 and this optimization was carried out with
the Turbomole software.81–85 To delve deeper into the charac-
teristics of the PANI/rGO system and their interactions, the
conductor-like screening model for real solvents (COSMO-RS)
methodology was applied. This involved utilizing the
COSMOthermX program to calculate relevant thermodynamic
parameters. The COSMO-RS calculations were conducted at
298.15 K to ensure that the computational data accurately
reflects the real-world behavior of the system. In addition, the
optimization process allowed us to determine geometrical
parameters as well as various QTAIM and RDG topological
parameters.

To represent the PANI conducting polymer, an oligomer was
employed, comprising four monomer units of aniline. This
oligomer includes 4 phenyl rings and a total of 48 atoms. In
our model, rGO was selected. It’s composed of 55 carbon atoms
and 11 oxygen atoms, with open ends saturated by hydrogen
atoms. rGO is essentially the reduced form of GO, featuring
oxygen-containing groups like carboxyl acid (–COOH), hydroxy
(–OH), and epoxy (–O–) functional groups that are haphazardly
affixed to the edges and surface. The portrayal of rGO’s struc-
ture lacks precision due to the erratic distribution of these
oxygen-containing functional groups and the notable structural
disarray within the framework.86 Both rGO and PANI under-
went neutral optimization. This optimization allowed us to
determine various electronic properties, including charge dis-
tribution, energies associated with the highest and the lowest
occupied molecular orbitals (HOMO and LUMO, respectively),
as well as band gap (Eg), which was estimated using the HOMO
and LUMO energies through the following equation (eqn (9)):

Eg = ELUMO � EHOMO (9)

To comprehensively investigate weak interactions within a
three-dimensional framework, our study employs an illuminat-
ing approach focused on the analysis of NCI.87–89 Several

theoretical models, including NCI-RDG and QTAIM, were
applied. The RDG analysis relies on fundamental electron
density (r) and reduced density gradients (RDGs), expressed
in mathematical terms using eqn (10), where r denotes the
electron density, and rr signifies its initial derivative. This
method is particularly effective for identifying van der Waals
interactions and weak non-covalent interactions, including
hydrogen bonding and steric repulsions, which become sig-
nificant at specific distances and can significantly influence the
system as a whole.90,91

s ¼ 1

2 3p2ð Þ1=3
rrj j
r4=3

(10)

For NCI analyses based on the RDG and QTAIM, we incor-
porated the Molden input from Turbomole92 and utilized the
computational tool Multiwfn93 to explore and identify potential
weak interactions within the analyzed system. To visualize the
results, we generated RDG plots and QTAIM maps via the Visual
Molecular Dynamics (VMD) interface.94 Furthermore, color
scatter plots were created with the assistance of gnuplot.95

These advanced computational techniques facilitated an in-
depth examination of weak interactions within the system
under investigation.

3. Results and discussion
3.1. Response surface methodology results

In this investigation, a series of 15 experiments was executed
using RSM-BBD, involving three repeated experiments that
incorporated three input variables and three center points.
Each experiment was replicated twice, and the mean value
was determined. The design matrix for the experiments and
the predicted outcomes are detailed in Table 2. Notably, the
center point runs (#4, #10, and #15) exhibited minimal varia-
tions in the electrical conductivity, indicative of excellent
experimental repeatability.

Table 2 RSM-BBD design matrix with its corresponding responses of
electrical conductivity

#Run

Code values Real values
Electrical conductivity
s � 10�3 (S cm�1)X1 X2 X3 X1 X2 X3

1 + � 0 0.75 1 4 3.142
2 0 � � 0.5 1 2 3.203
3 0 + + 0.5 5 6 2.958
4 0 0 0 0.5 3 4 2.472
5 � 0 � 0.25 3 2 2.189
6 � + 0 0.25 5 4 1.756
7 � 0 + 0.25 3 6 2.277
8 � � 0 0.25 1 4 1.893
9 0 + � 0.5 5 2 2.122
10 0 0 0 0.5 3 4 2.250
11 0 � + 0.5 1 6 3.739
12 0 0 0 0.75 5 4 3.295
13 + 0 � 0.75 3 2 3.715
14 + 0 + 0.75 3 6 4.975
15 0 0 0 0.5 3 4 2.122
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Furthermore, a comprehensive evaluation of the experi-
mental outcomes involved an in-depth analysis of multiple
regression models. After assessing various models, the quad-
ratic model emerged as the most suitable fit for all design
points. To understand the effects of the variables and their
interactions, Analysis of Variance (ANOVA) was performed, and
the findings are reported in Table 3. It was observed that a
linear effect (X1) and a quadratic effect (X3

2) were statistically
significant, with a p-value o 0.05. Nevertheless, the other linear
and interaction terms, along with all quadratic terms, were
considered statistically insignificant (p-value 4 0.05). The
experimental data exhibited a favorable agreement with the
formulated model equation, evident from the lack of fit result
with a p-value 4 0.05. Subsequently, a second-order polynomial
function, represented by eqn (8), was deduced to approximate
the s of PANI/rGO nanocomposites:

s = 2.28144 + 0.87651X1 � 0.23076X2 + 0.33983X3

+ 0.07224X1X2 + 0.29292X1X3 + 0.07501X2X3

+ 0.26177X1
2 � 0.02154X2

2 + 0.74556X3
2 (11)

Here, s, X1, X2, and X3 represent the electrical conductivity of
PANI/rGO nanocomposites, coded forms of the APS/ANI ratio,
rGO loading, and the time of polymerization, respectively.

The results from the ANOVA analysis, presented in Table 3,
reveal an exceptionally low p-value (o0.0001), signifying a
highly significant alignment of the model with the experi-
mental data. Moreover, the lack of fit value (0.1212) substanti-
ates the model’s aptitude in capturing the experimental trends,
thereby confirming its bona fide predictive power. Moreover,
the model demonstrates excellent predictive performance, sup-
ported by the elevated adjusted and predicted R2 values of
0.8041 and 0.9301, respectively, highlighting the precision and
dependability of its predictions.

Additionally, to verify the adequacy of the model and ensure
it meets the analysis assumptions, residual analysis was con-
ducted. Given the dispersion of residuals observed in Fig. 3, the
data points scatter randomly about the center line, devoid of

any apparent systematic trends or patterns. This randomness is
indicative of the model’s adequacy in capturing the inherent
variability of the experimental data. Furthermore, the scatter of
residuals displayed uncorrelated and random distribution on
both sides of the center line, indicating constant variance.
These robust findings provide compelling evidence that the
model is appropriate and indeed satisfies the assumptions of
the analysis.

To understand the interaction effects of two variables while
maintaining the other variables at their central point value (zero
level), we created 2D contour and 3D surface plots using eqn (11).
Fig. 4(A) and (D) depict the influence of the APS/ANI ration and rGO
loading at a constant polymerization time of 4 h. It is evident that
the electrical conductivity increases as the APS/ANI ratio and rGO
loading vary from 0.5 to 0.75 and 3 to 5 wt%, respectively. However,
at higher APS/ANI ratios and increased rGO loading, the electrical
conductivity shows a decreasing trend. This behavior can be
attributed to the increased amount of APS (oxidant), resulting in
the generation of a higher number of radical cations, which
consequently accelerates the chemical oxidative polymerization of
ANI. As acknowledged, the electrical conductivity of PANI is con-
tingent on the protonation degree or the effective conjugation
length of PANI chains.96 In addition, the higher content of rGO
in the nanocomposites hinders the orderly arrangement of PANI
chains, inducing a higher structural disorder and creating more
conjugated defects, ultimately contributing to lower conductivity.56

Likewise, Fig. 4(B) and (E) exhibit the combined impact of APS/ANI
ratio and polymerization time (h) on electrical conductivity while
keeping the rGO loading fixed at 3 wt%. It is evident that electrical
conductivity continues to rise with an increase in the polymeriza-
tion time, consistent with previous reports.33,97 Finally, Fig. 4(C)
and (F) demonstrate the linear influence of rGO loading and
polymerization time on the electrical conductivity, suggesting their
minor impact on the overall electrical conductivity.

3.2. Artificial neural network modeling

In this study, ANN was constructed to capture the intricate non-
linear associations among three independent variables (molar
ratio of APS/ANI, rGO loading, and polymerization time) and

Table 3 Statistical analysis (ANOVA) for the quadratic model of electrical
conductivity in PANI/rGO nanocomposites

Parameter Df

Sum of
squares

Mean
square F ratio Prob. 4 F

Intercept 9 10.123 1.125 7.3866 0.0002a

X1 (molar ratio of APS/ANI) 1 6.147 6.147 40.3646 0.0014a

X2 (rGO loading) 1 0.426 0.426 2.7974 0.1553
X3 (time) 1 0.924 0.924 6.0671 0.057
X1

aX2 1 0.021 0.021 0.1371 0.7264
X1

aX3 1 0.343 0.343 2.2538 0.1936
X2

aX3 1 0.023 0.023 0.1478 0.7165
X1

2 1 0.253 0.253 1.6615 0.2538
X2

2 1 0.002 0.002 0.0113 0.9196
X3

2 1 2.052 2.052 13.4778 0.0144a

Lack of fit 3 0.699 0.233 7.4106 0.1212
Pure error 2 0.063 0.031
Total 14 10.885

a Significant at 95% confidence interval.

Fig. 3 Correlation between residuals and predicted values for the elec-
trical conductivity of PANI/rGO nanocomposites.
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the desired output (electrical conductivity) through the applica-
tion of the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algo-
rithm. For performance optimization, we meticulously tuned
hyperparameters, training and assessing a total of eight distinct
ANN architectures. We systematically varied the number of
neurons in a hidden layer to identify the configuration that
yielded the lowest RMSE and the highest R2 values following
this analysis, we determined the final architecture of the ANN
model, adopting a 3-12-1 configuration, where the hidden layer
comprises 12 neurons. Fig. 5(A) illustrates the statistical
metrics RMSE and R2 for different architectures, revealing that

the 3-12-1 architecture yields lower RMSE and higher R2 values,
indicating superior predictive performance. The proposed ANN
structure is schematically depicted in Fig. 5(B).

3.3. Comparison between RSM and ANN models

The effectiveness of the proposed approaches has been vali-
dated, establishing the superiority of the methods in depicting
the electrical conductivity of PANI/rGO nanocomposites. To
compare the predictions of the respective models (RSM-BBD
and ANN), a comprehensive error analysis was performed, and
key performance metrics, including R2, RMSE, AARD, MAE, and

Fig. 4 Two-dimensional (2D) contour and three-dimensional (3D) surface plots illustrating the combined impact on electrical conductivity. Interplay of
APS/ANI ratio and rGO loading (A) and (D), APS/ANI ratio and polymerization time (B) and (E), and rGO loading and polymerization time (C) and (F).

Fig. 5 (A) Performance of the developed ANN model with respect to the neurons’ number in the hidden layer, and (B) schematic representation of the 3-
12-1 ANN architecture.
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relative deviation (RD%), were computed using the equations
detailed in the methodology section. As depicted in Fig. 6(A)
and (B), the scatter plots for both models illustrated strong
concordance with the experimental data, substantiated by the
elevated R2R2 values of 0.93 and 0.97 for RSM and ANN,
respectively. Notably, the ANN demonstrated superior accuracy
in fitting the experimental data when contrasted with the RSM
model, as indicated by the plot of RD% in Fig. 6(C). This higher
predictive accuracy of the ANN model highlights its superior
performance.

However, it is crucial to recognize that the ANN model, in its
standard form, does not inherently elucidate the influence of
input parameters on the response; this understanding typically
necessitates further analysis, such as a query strategy for
selecting informative training data or post-hoc interpretability
methods. In contrast, the primary advantage of RSM lies in its
capacity to demonstrate factor contributions through coeffi-
cients in the regression model.

The integration of ANN techniques in our study enhanced
the predictive accuracy of electrical conductivity, achieving a
conductivity of 4.988 � 10�3 S cm�1, compared to 4.975 � 10�3

S cm�1 obtained using RSM. Although the numerical enhance-
ment of 0.013 mS cm�1 may appear modest, it is significant for
several reasons.

First, the improvement from ANN demonstrates superior
predictive capability over RSM. Evaluation metrics listed in
Table 4, including R2, AARD, and RMSE, provide additional

validation of the robust alignment between the ANN-predicted
and experimental values, surpassing the performance achieved
by the RSM model. The enhanced predictive prowess of ANNs
can be ascribed to their adeptness in approximating non-linear
systems, a capability beyond the scope of RSM, which is
confined to approximating systems using second-order
polynomials.

Enhanced predictive accuracy results in better reproducibil-
ity in large-scale production. The precise optimization of para-
meters ensures that the synthesized nanocomposites
consistently achieve high performance, reducing variability
and enhancing reliability. In practical applications, even small
improvements in conductivity can significantly impact the
overall performance of materials. Higher conductivity improves
the efficiency of electronic devices and sensors, leading to
better sensitivity and faster response times. For industrial
applications, achieving minor enhancements in material

Fig. 6 Regression analysis between actual and predicted electrical conductivity using (A) RSM-BBD and (B) ANN models, and (C) relative deviation plot
for the predictions of electrical conductivity by RSM-bbd and ANN models.

Table 4 Comparative assessment of predictive performance between
RSM and ANN models

Metric

Model

BBD ANN (3-12-1)

R2 0.9301 0.9675
RMSE 0.3902 0.1535
AARD (%) 7.68 2.86
MAE 0.1985 0.0797
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properties can have a substantial cumulative effect. Enhanced
conductivity can lead to cost savings, improved product quality,
and competitive advantages in the marketplace.

3.4. Electrical conductivity optimization of the PANI/rGO
nanocomposites

In our endeavor to improve the electrical conductivity of PANI/
rGO nanocomposites, we harnessed the power of a response
surface optimization approach and ANN predictive model.
These methodologies are intricately crafted to identify the
optimal position within the design space, whether it involves
a minimum, a maximum, or a specific region characterized by a
stable response. The main objective in this investigation was to
maximize the electrical conductivity of PANI/rGO nanocompo-
sites. To accomplish this, we relied on the RSM and ANN
models. Through meticulous analysis, we uncovered the precise
conditions that lead to the highest electrical conductivity.
These optimal conditions were revealed to be an APS/ANI molar
ratio of 0.75, an rGO loading of 3 wt%, and a polymerization
time of 6 hours.

Following this optimization, a comprehensive analysis using
various techniques, encompassing UV-visible, Raman, FTIR,
PL, XRD, XPS, CV, and TGA analyses were performed for the
PANI/rGO samples. These analyses provided in-depth insights
into the structural, optical, and electrochemical performances
of the investigated PANI/rGO nanocomposites.

3.5. Compositional and structural analyses

3.5.1. UV-visible spectroscopy. Extensive investigations
have been undertaken to comprehensively analyze the optical
properties of PANI/rGO (1, 3, and 5 wt%) nanocomposites, as
depicted in Fig. 7. The UV-Visible spectrum of pure PANI,

revealed in Fig. 7(A), unveils the existence of two significant
absorbance peaks around 270 nm and 655 nm. The initial peak
at 270 nm is attributed to the p–p* electron orbital transition of
the benzenoid ring within PANI structure. This transition
reflects the movement of electrons within the conjugated
system, shedding light on the electronic properties associated
with the benzenoid moiety.21,98 On the other hand, the UV-Vis
spectrum of rGO demonstrates enhanced and uniform absorp-
tion spanning the range of 240 to 800 nm, indicating the
occurrence of a restricted number of oxygen groups or graphitic
domains on the graphene planes. This observation can be
attributed to the n - p* transition arising from the occurrence
of CQO bonds in carbonyl or carboxyl groups within rGO,
which occur as a result of partial reduction.64 This absorbance
profile is characteristic of graphene materials and indicates
the restoration of electronic conjugation within rGO
sheets.99,100 The enhanced absorption and absence of dis-
tinct peaks within this range indicate the formation of a
continuous, highly conjugated graphene structure in rGO.
Regarding the PANI/rGO nanocomposites in varying ratios, it
is noteworthy that compared to the pure PANI or rGO
samples, it displays three robust absorbance peaks at
210 nm, 270 nm, and 655 nm, each showing a shift with
respect to the peaks observed in the pure materials. These
peaks are shifted, suggesting a relatively complex interaction
between PANI and rGO. The observed peak at approximately
210 nm is attributed to a p–p* aromatic transition.101 The
wide peak ranging from 240 to 320 nm in the PANI/rGO
spectra is associated with the benzenoid p–p* transition.
Additionally, a shoulder is observed, likely stemming from
the Polaron–p* transition of quinoid-imine functional
groups due to protonation. These findings affirm the

Fig. 7 (A) UV-Visible adsorption spectra (A) with its corresponding Tauc plots for pure PANI, rGO, and PANI/rGO nanocomposites (B)–(F).
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presence of diverse interactions, involving hydrogen bonding
and p–p coordination among the PANI and rGO.102–104

Moving on, Fig. 7(B–F) show the corresponding Tauc plot,
(ahn)2 with hn, for pure PANI, rGO, and PANI/rGO (1, 3, and
5 wt%) samples, with h representing the Planck constant and n
denoting the frequency. The energy gap (Eg) can be estimated
by determining the x-intercept of the extrapolated Tauc plot.105

For pure PANI and rGO, the band gap is found to be approxi-
mately 1.61 and 1.46 eV, respectively (Fig. 7(B and C)). Further-
more, as the rGO loading increases up to 3 wt%, the optical
band gap of the composite decreases to 1.51 eV. In PANI/rGO
nanocomposites, the integration of rGO leads to the formation
of new energy levels known as trap states. These states are
typically located near the valence band and arise due to the
complex interaction between PANI and rGO, introducing loca-
lized states or defect levels within the composite structure.
These trap states play a pivotal role in the electronic properties
of the nanocomposite (Fig. 7(D and E)). While electron deloca-
lization within the conjugated PANI chains is a contributing
factor, the primary mechanism for the reduced energy gap (Eg)
and increased conductivity lies in these trap states. These states
provide a pathway for electrons to move from the valence band
to the conduction band with minimal energy input. Essentially,
the trap states create a ‘stepping stone’ effect, allowing elec-
trons to ‘hop’ between these states. This hopping mechanism is
less energy-intensive than the direct transition across the full
band gap in a pristine material. As a result, the presence of
these trap states in PANI/rGO nanocomposites facilitates easier
and more efficient electron movement, leading to enhanced
electrical conductivity. However, it is important to note that this
is a nuanced balance. An excessive concentration of trap states
or rGO can lead to increased scattering and localization effects,
potentially countering the benefits of enhanced conductivity.
Nevertheless, as shown in Fig. 7(F), with a continued increase
in rGO loading (5 wt%), barriers are formed within the PANI
chain, hindering electron delocalization and resulting in a
corresponding increase in the band gap (1.57 eV).56 Thus,
incorporating 3 wt% rGO into the PANI matrix promotes
electron delocalization, broadening the absorption range, and
enhancing electrical conductivity.106,107 Meanwhile, the
reduction in the energy gap compared to rGO alone is particu-
larly significant which expands the absorption range into the
visible area of the electromagnetic spectrum, thereby improv-
ing the light harvesting efficiency of PANI/rGO nanocompo-
sites. Consequently, the incorporation of rGO facilitates
increased delocalization of electrons within the PANI chains,
allowing for the absorption of a wider range of photons.108 As a
result, the PANI/rGO nanocomposites exhibit improved electri-
cal conductivity, as observed in the present study.

3.5.2. Photoluminescence studies (PL). Photolumines-
cence (PL) spectra provide valuable insights into the recombi-
nation efficiency of photo-generated electrons and holes, which
can be inferred from the fluorescence intensity. A strong PL
intensity signifies a rapid recombination of photo-generated
charge carriers with a short lifetime. Conversely, a higher
separation efficiency of the photo-generated carriers, i.e.,

electrons (e�) and holes (h+), resulting in longer lifetimes, leads
to a reduction in the intensity observed in the PL spectra.109

Fig. 8 illustrates the PL spectrum of pure PANI, rGO, as well as
rGO-PANI nanocomposite samples (1, 3, and 5 wt%), recorded
using an excitation wavelength of 320 nm. The PL spectrum for
pure PANI exhibits two broad peaks in the wavelength range of
420–440 nm and 510–535 nm. These PL peaks, specifically
located at approximately 436.1 nm and 535 nm, correspond
to the p–p* transition and p* - Polaron transition,
respectively.104,110 In rGO, a significant broad peak appears
within the wavelength range of 400–450 nm, signifying the
formation of additional sp2 carbon atoms resulting from the
reduction of GO. Moreover, a broad peak is observed in the
range of 510–535 nm, suggesting a reduction in the quantity of
disorder-induced states within the p–p* energy gap of rGO. This
decrease in disorder-induced states contributes to the enrich-
ment of small-sized sp2 clusters in the rGO structure.111 Moving
forward to discuss PANI/rGO nanocomposites, the emission
peaks predominantly originate from the p–p* transition of the
benzenoid unit, transitioning from the polaronic band to the p
band structures of PANI. This emission also signifies the
presence of electronic states involved in the photoexcitation
process. The arrangement of quinoid and benzenoid units in
PANI facilitates the formation of singlet excitons, which subse-
quently undergo photonic emission as they decay to the ground
state. Consequently, excitons significantly contribute in the
photoluminescence behavior of conjugated polymers. This
effect primarily stems from the inherent structure of the
conjugated systems, where the delocalization of p-electrons
facilitates more efficient charge carrier movement.56 In PANI/
rGO nanocomposites, the interaction between PANI and rGO
creates an environment conducive to increased carrier mobility.
The conjugation within PANI allows for a smoother transition
of charge carriers, enhancing the overall electrical conductivity
of the composite. This enhancement is particularly significant
when considering the separation between electrons (e�) and
holes (h+), which directly impacts the mobility of excitons
(electron–hole pairs). The presence of rGO in the composite
also plays a pivotal role. rGO, with its high surface area and

Fig. 8 PL spectrum of PANI, rGO, and PANI/rGO nanocomposites.
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conductive nature, provides additional pathways for charge
transfer, further augmenting the mobility of charge carriers
within the composite material. This enhancement in excitons
significantly contributes to a more pronounced PL. Interest-
ingly, the PL intensity shows a remarkable amplification with
the incorporation of rGO up to a specific threshold (3 wt%),
beyond which a slight reduction is observed. This observation
could be attributed due to improved charge transfer and
reduced electron–hole recombination, excessive rGO can lead
to the formation of non-radiative recombination centers, thus
diminishing the PL intensity. The slight deviation in the emis-
sion peak in PANI/rGO nanocomposites is mainly influenced by
variations in the arrangement of quinoid and benzenoid units
within PANI.105,112–114 As a result, these findings, in agreement
with the UV-visible spectroscopy findings, afford compelling
evidence of the substantial impact of rGO on the optical
properties of PANI/rGO nanocomposites.

3.5.3. Raman spectroscopy. Raman spectroscopy serves as
a rapid and nondestructive characterization method, providing
valuable insights into the lattice structure, structural disorders,
crystallization, and defects of carbon-based materials.115 In this
study, Raman analysis was utilized to explore the structural
alterations in PANI throughout de-doping and re-doping pro-
cedures, as well as to analyze the vibrational spectrum of
nonpolar bonds, particularly the C–C interactions within the
PANI backbone and the basal planes of rGO. Fig. 9(A) presents
the Raman spectra for rGO, PANI, and PANI/rGO (1, 3, and
5 wt%) nanocomposites.

The Raman spectra of rGO shows two discernible peaks with
significance: one at 1351 cm�1 associated with the D mode,
suggesting defects in graphitic carbon, and the other at 1580
cm�1 (G mode), aligning with the first-order scattering of the
E2g mode commonly observed in sp2-carbon fields.116,117 The
extent of disorder in carbon materials is commonly assessed
using the ID/IG ratio. In this case, the low ID/IG ratio of rGO
(0.516) suggests a reduction in structural defects compared to
its precursor material, GO. Literature reports suggest that the
high ID/IG ratio in GO is indicative of a distorted lattice and a
significant number of sp3-like defects resulting from the oxida-
tion process during its preparation.118 The presence of oxygen-
containing chemical moieties or groups during oxidation

causes disturbances in the graphene lattice and leads to the
formation of sp3 carbon domains in GO. Nevertheless, during
the reduction process, some of these defects are repaired,
leading to a more ordered lattice in rGO defects by restoring
the sp2 hybridized carbon network and reducing the sp3

domains, as evidenced by a lower ID/IG ratio. This process,
however, might not completely eliminate all defects, leaving
some residual disruptions in the lattice structure. The removal
of oxygen-containing functional groups during reduction
restores sp2 carbon domains and recovers the graphene-like
structure. As a consequence, the ID/IG ratio in rGO decreases,
representing a reduction in the number of sp3-like defects and
an increase in the relative abundance of sp2 carbon fields.117,119

The Raman spectrum of pristine PANI reveals distinct bands
linked to the doped polymer, including C–H bending in the
quinoid ring at 1161 cm�1, C–N+ stretching at 1329 cm�1, and
CQC stretching in the quinonoid ring at 1590 cm�1. In PANI/
rGO nanocomposites, the Raman spectra exhibits characteristic
peaks consistent with those of pure PANI, corroborated by prior
research, providing further evidence of the presence of PANI in
the nanocomposites.120–122 Interestingly, As the rGO content
increases in the PANI/rGO nanocomposites, the vibration inten-
sity at approximately 1470 cm�1 (corresponding to CQN qui-
noid stretching) undergoes changes, signifying that the
addition of rGO encourages the prevalence of the quinoid form
of PANI, promoting a conjugated planar arrangement. This
finding is additionally substantiated by analyzing the intensity
ratio of the C–H vibration in the quinoid unit (1150 cm�1)
relative to that of the consistent benzenoid (1160 cm�1).123,124

The stabilization of quinoid rings in the PANI/rGO nanocom-
posites is facilitated by p–p interactions with the basal planes of
rGO, resulting in an increased level of polymer chain ordering
within the hybrids.119 This enhanced polymer chain ordering
promotes stronger interactions and facilitates more effective
charge transfer between rGO and PANI.

3.5.4. Fourier transformation infrared spectroscopy (FTIR).
To complement the Raman data and gain insights into the
interaction between rGO and PANI, FTIR spectroscopy was
employed in this study. Fig. 9(B) showcases the FTIR spectra
of PANI, rGO, as well as PANI/rGO nanocomposites (at 1, 3, and
5 wt% rGO) in the region between 1800 and 1000 cm�1. This

Fig. 9 (A) Raman spectra and (B) FT-IR spectrum of pure PANI, rGO, and PANI/rGO nanocomposites.
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zoomed-in view allows for the identification of peaks resulting
from the interactions between rGO and PANI. For further
reference, Fig. S1 and S2 in the ESI† display the FTIR spectra
of rGO and pure PANI, respectively.

Remarkably, the FTIR spectrum of rGO exhibited distinct
changes, with a novel peak emerging at 1565 cm�1, attributed
to sp2 hybridized CQC, and the disappearance of the peak at
1050 cm�1, indicative of epoxide groups. These observations
proved the successful reduction of GO to rGO, aligning with
similar FTIR spectra reported in the literature for rGO.125 In the
FTIR spectrum of PANI and PANI/rGO nanocomposites, promi-
nent absorption peaks are observed at 3277, 1623, 1428, and
1318 cm�1, corresponding to N–H, CQN, CQC, and C–N
stretching, correspondingly.126 Notably, the intensity ratio of
the PANI bands (1623 and 1428 cm�1) is indicative of the
occurrence of reduced (benzenoid) and oxidized (quinoid)
repeat units. These characteristic bands serve as compelling
evidence for the presence of the emeraldine salt phase of PANI
in the nanocomposites.127 The emeraldine salt phase repre-
sents the conductive state of PANI, featuring alternating ben-
zenoid and quinoid repeat units. This conductive state is
crucial for optimizing the electrical properties of PANI/rGO
nanocomposites. In the structure of polyaniline, the alternating
arrangement of benzenoid and quinoid units plays a crucial
role in defining its electrical properties. This structural configu-
ration facilitates the delocalization of p electrons across the
benzenoid units, which is essential for the intrinsic conductiv-
ity of the polymer. This delocalization contributes to the overall
electronic structure of PANI, allowing for a certain degree of
electron mobility within the polymer chain. Simultaneously,
the presence of quinoid units introduces sites for potential
charge transfer interactions. These interactions are not purely
based on the delocalization of p electrons but involve hopping
mechanisms, where charge carriers, such as polarons and
bipolarons, move between localized states along the polymer
chain. This charge transfer process is influenced by the degree
of oxidation (doping) of PANI and is critical in applications
where PANI undergoes redox reactions or interacts with other
materials, such as graphene in composites. Therefore, the
electrical conductivity in PANI is a result of a complex interplay
between the delocalization of p electrons, predominantly
within the benzenoid segments, and charge transfer mechan-
isms, facilitated by the quinoid structures and doping levels.
This interplay enables PANI to exhibit a range of conductive
behaviors, adapting to different environmental conditions and
applications. As a result, the presence of the emeraldine salt
phase enables the efficient flow of electrons, contributing to
improved electrical conductivity and enhanced performance of
the nanocomposites in various applications, including energy
storage devices, sensors, and conductive coatings. Interestingly,
the FTIR spectrum of PANI/rGO nanocomposites did not exhi-
bit the functional groups present on the rGO. This finding
indicated that the surface of rGO was effectively coated with
PANI through precise interactions, such as p–p electron stack-
ing and H- bonding among the amine group of PANI and the
oxygen groups in rGO.128,129 Notably, the polymerization

process involving aniline in the presence of rGO follows a
specific mechanism. Aniline undergoes oxidation, consequen-
tial in the construction of oxidized radicals. These radicals then
undergo a reductive elimination of 2H+ to form an a,a-aniline
dimer. Subsequently, these dimers can propagate to longer
chain lengths through repeated oxidation and reaction with
generated aniline radicals via oxidation.130 These interactions
not only ensure the uniform dispersion of rGO within the PANI
matrix but also contribute significantly to the improved elec-
trical properties and overall performance of the PANI/rGO
nanocomposites.

3.5.5. X-ray diffraction analysis (XRD). The structures
of the PANI/rGO nanocomposites were further elucidated
through powder X-ray diffraction (XRD) analyses. These
analyses were conducted to investigate the elemental composi-
tion, carbon bonding, morphology, and crystallinity of the
nanocomposites.131 Fig. 10 illustrates the XRD patterns of pure
rGO and PANI, as well as PANI/rGO (1, 3, and 5 wt%) nano-
composites. The XRD measurements were conducted over an
angular range of 101 r 2y r 601, utilizing a scanning rate
of 61 min�1 with a step size of 0.021. In the XRD analysis of
PANI, small diffraction peaks were observed at 15.201, 20.201,
and a distinct peak at 25.501, corresponding to the (011), (020),
and (200) Bragg’s reflections, correspondingly. These peaks are
indicative of the crystalline planes associated with the emer-
aldine salt state of PANI.132 The XRD pattern of rGO displayed
peaks at 2y = 26.511 and 44.401, representing the characteristic
(002) and (100) peaks of graphite-like structures, respectively.
The intensities of these peaks amplified as a result of the
interaction between rGO and PANI chains in different
proportions.101

Upon forming the PANI/rGO nanocomposites, new peaks
surfaced, demonstrating a shift compared to the pristine rGO
peaks. This shift is ascribed to the p–p bond stacking of the
benzene rings in PANI with rGO. Particularly, the peak at 2y =
25.501 in pure PANI shifted to 26.601 when PANI was blended
with rGO, signifying a substantial interaction between rGO
particles and PANI chains.21 Moreover, the XRD analysis of
rGO/PANI nanocomposites revealed diffraction peaks similar to

Fig. 10 XRD patterns of pure PANI, rGO, and PANI/rGO nanocomposites.
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those observed in PANI or rGO, suggesting the absence of
additional crystalline structures in the nanocomposite samples.
Based on these outcomes, it can be resolved that the character-
istic diffraction peaks indicate extensive physical and chemical
interactions between rGO and PANI chains. These interactions
include H-bonds, electrostatics, and p–p coordination
interactions.101

3.6. X-ray photoelectron spectroscopy (XPS)

The investigation of elemental composition was advanced by X-
ray photoelectron spectroscopy (XPS), providing deeper insights
into the samples. The comprehensive survey spectra, as
depicted in Fig. 11(A), distinctively portray the characteristic
chemical profiles of pure PANI, rGO, and PANI/rGO nanocom-
posite samples, featuring discernible signals consistent to
carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s) for each
respective material. Additionally, it is noteworthy that besides
the detection of C KLL and O KLL Auger electron emissions in
the high binding energy region, the oxygen signal present in the
PANI sample may have arisen from residual APS as well as
water molecules adsorbed onto the surface.133 This oxygen
signal might also stem from the rGO component within the
PANI/rGO samples. Intriguingly, a subtle yet noteworthy N 1s
peak observed in the rGO spectrum can be ascribed to doped
nitrogen resulting from the hydrazine reduction process, thus
further enriching our understanding of these intricate
materials.61,134

Meanwhile, the N1s spectrum at high resolution for both
PANI and PANI/rGO reveals four discernible components, as
illustrated in Fig. 11(B) and (C). The peaks at binding energies
of 398.1 and 399.2 eV are indicative of imine (–NQ) and amine
(–NH–) groups, respectively, while those at 401.6 and 405.1 eV

are associated with positively charged nitrogen groups N+ and
–NH+, respectively. PANI is predominantly composed of amine
groups, suggesting its protoemeraldine form.135,136 Throughout
synthesis, PANI undergoes oxidation, leading to the partial
conversion of amine to imine nitrogen. This transformation
is explicable by the simultaneous reduction of GO oxygen
functionalities and PANI nitrogen groups, facilitated by super-
heated water and the hydrothermal process,137 also via hydro-
thermal process.133 The heightened fraction of positively
charged nitrogen can be attributed to the interactions between
PANI and rGO, inducing a restructuring of the benzenoid
amine structure of PANI. Moreover, the elevated doping level
of PANI in this composite is expected to augment its electrical
and electrochemical performance. The C 1s spectra’ deconvolu-
tion for PANI, PANI/rGO nanocomposite, and rGO samples is
presented in Fig. 11(D–F). Upon closer examination of the
primary peak line of PANI, as shown in Fig. 11(D), a decom-
position into four distinct peak lines becomes evident. Speci-
fically, PANI displays a peak at 284.6 eV attributed to C–C and
CQC bonds. Furthermore, characteristic peaks associated with
carbon-nitrogen interactions manifest as follows: C–N, C–N+,
CQN, and CQO, each corresponding to binding energies of
approximately 285.6, 286.7, as well as 287.9 eV, respectively.
The presence of carbonyl functional groups within PANI can be
ascribed to the generation of benzoquinone and hydroquinone,
resulting from partial surface oxidation.138 Turning attention to
Fig. 11 (E and F), the C 1s spectrum for PANI/rGO and rGO
display six discernible peak lines: CQC and C–C (284.31 eV),
C–N (285.4 eV), C–OH (285.7 eV), C–O–C (286.6 eV), CQO bonds
(288.1 eV), and p–p stacking (290.4 eV).134,139 Notably, the C–N
peaks are more prominent in the PANI/rGO spectra than in the
rGO sample. While inherent oxygen defects may exist in the raw

Fig. 11 XPS surveys with (A) the broad high-resolution spectrum of the (B and C) N 1s and (D–F) C 1s areas for pure PANI, rGO, and PANI/rGO
nanocomposites (3 wt%).
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rGO sample, the majority of the oxygen in the PANI/rGO
nanocomposite coating likely originates from slight rGO oxida-
tion during synthesis. This oxygen content acts as active sites,
facilitating PANI polymerization. In this context, it is reason-
able to infer that rGO contributes to the formation of a more
comprehensive and densely structured PANI/rGO nanocompo-
site coating. This observation holds significant implications for
the structural and functional properties of the resultant nano-
composite material.

3.7. Electrochemical behavior of PANI/rGO nanocomposites

To comprehend the electrochemical redox behavior of PANI/
rGO nanocomposites, a conventional cyclic voltammetry (CV)
test was performed. Fig. 12 illustrates the cyclic voltammo-
grams of rGO, pure PANI, and PANI/rGO nanocomposites.
When scanned at a rate of 25 mV s�1, the CV of pure PANI

exhibited the existence of two sets of redox peaks. These peaks
correspond to specific transitions within the PANI structure,
notably the shift from the fully-reduced PANI form (leucoemer-
aldine) to the partially-oxidized PANI form (emeraldine), as well
as the transition among emeraldine and the fully-oxidized PANI
form (pernigraniline).1,35,122

In contrast, the CV of PANI exhibits a single pair of redox
peaks when scanned at rates ranging across 25 to 175 mV s�1. It
is important to note that as the scan rate rises from 25 to 175
mV s�1, there is a proportional increase in current density. This
increase can be ascribed to the interior resistance within the
electrode. CV curves for PANI/rGO nanocomposites share a
similar overall shape to that of pure PANI, but there is a
noticeable difference in current densities. Specifically, the
current densities of PANI/rGO nanocomposite samples are
somewhat lower compared to PANI at equivalent potential scan

Fig. 12 Cyclic voltammograms of (A) rGO, (B) PANI, and PANI/rGO nanocomposites (C)–(E) at different scan rates.
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rates. Moreover, by altering the weight percentage (wt%) of rGO
in the PANI/rGO nanocomposites, significant changes in the
profiles of the CV curves and current densities were observed.
An increase in the rGO wt% from 3 wt% resulted in a sub-
stantial rise in current density. However, this trend was
reversed as the rGO content was further increased to 5 wt%.

Using the CV data, the specific capacitances (Cp, F g�1) were
calculated for various potential scan rates (n, mV s�1) through
the application of the following formula:

Specific capacitance Cp

� �
¼
Ð
I Vð Þ � dV

m� DV � v
(12)

Here,
Ð I ðVÞ � dV signifies the integration of current over

time, as acquired from the cyclic voltammogram, m denotes the
mass of the sample, which, in this case, corresponds to the
PANI/rGO nanocomposites, and is expressed in grams. DV
represents the potential window, while n represents the
scan rate.

Fig. 13 offers an insightful evaluation by comparing the CV
curves at a scan rate of 25 mV s�1 and the computed specific
capacitances of pure PANI, rGO, and PANI/rGO nanocompo-
sites. Notably, the trends in current density at 25 mV s�1

(Fig. 13(A)) and the specific capacitance (Fig. 13(B), as detailed
in Table 5) align consistently. The order is as follows: PANI/rGO
(3 wt%) o PANI/rGO (1 wt%) o PANI o PANI/rGO (5 wt%) o
rGO. At a scan rate of 25 mV s�1, the PANI/rGO (3 wt%)
nanocomposite exhibits the highest specific capacitance, reach-
ing a remarkable 145.79 F g�1. The exceptional electrochemical
behavior of PANI/rGO (3 wt%) can be attributed to an optimal
balance between the conductive network provided by rGO and
the electroactive surface area of PANI. An increase in the rGO
content from 1 wt% to 3 wt% enhances the conductive path-
ways within the nanocomposite, thereby facilitating better
charge transport and higher current densities. However, as
the rGO content is further increased to 5 wt%, a decline in
performance is observed. The decrease in current density and
specific capacitance at 5 wt% rGO can be explained by the
physics of percolation theory and the agglomeration effect.65,140

While a moderate amount of rGO improves conductivity, exces-
sive rGO leads to particle agglomeration. This agglomeration

reduces the effective surface area and hinders the uniform
dispersion of rGO within the PANI matrix. Consequently, the
electrochemical active sites are less accessible, and the charge
transfer resistance increases.141 This phenomenon results in a
decline in the overall electrochemical performance of the
nanocomposite.

Thus, the finding that PANI/rGO (3 wt%) exhibits the highest
specific capacitance underscores its exceptional electrochemi-
cal behavior, holding great promise for diverse sensor and
energy storage applications.

3.8. Thermo-gravimetric analysis (TGA)

Thermogravimetry analysis (TGA) proves instrumental in dis-
cerning dopants and water content within polymers, offering
valuable insights into thermal degradation patterns, structural
characteristics, and thermal stability.142 The progressive degra-
dation at each step of the curve can be delineated through the
mass loss profile. Employing TGA, we investigated the thermal
stability of rGO, PANI, and PANI/rGO from room temperature
up to 1000 1C (Fig. 14).

In the case of rGO, a significantly lower weight loss of
approximately 11% was noted at 600 1C, demonstrating its
heightened stability. The consistent weight reduction observed
throughout the temperature spectrum emphasizes the endur-
ing stability of rGO. The initial weight decline in rGO (B2%)
below 100 1C is ascribed to the evaporation of adsorbed solvent
molecules. Subsequently, a minor weight loss of B5% and
B7% was observed in rGO between 100–300 1C and 4300 1C,
correspondingly. The gradual loss at temperatures exceeding
300 1C is linked to the elimination of more stable oxides,

Fig. 13 (A) CV curves at a scan rate of 25 mV s�1 and (B) the computed specific capacitance of rGO, pure PANI, and rGO/PANI nanocomposites across
various scan rate.

Table 5 Specific capacities of pure PANI, rGO, and PANI/rGO at a scan
rate of 25 mV s�1

Sample Specific capacitance (F g�1)

PANI 101.87
PANI/rGO (1 wt%) 128.80
PANI/rGO (3 wt%) 145.79
PANI/rGO (5 wt%) 109.36
rGO 70.13
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particularly –COOH groups, with the partial presence of oxides
validating the successful preparation of rGO.143

In PANI, a weight loss approximately 260 1C links to the
evaporation of moisture content and dopants, initiating the
breakdown of the PANI backbone beyond 260 1C.144 PANI/rGO
experiences rapid mass loss at approximately 390 1C, attributed
to the decomposition of oxygen-containing groups such as
–OH, –CO–, and –COOH.145 Furthermore, Fig. 14 depicts that
the thermal stability of the nanocomposite is shifted towards
elevated temperatures in contrast to pure PANI. While PANI
experiences complete decomposition at 767 1C, PANI/rGO
nanocomposites exhibit decomposition temperatures of 838,
870, and 878 1C for PANI/rGO at 1%, 3%, and 5% wt., respec-
tively. This enhanced thermal stability can be attributed to the
covalent bonding among rGO and the PANI backbone.146 More-
over, these covalent bonds foster a substantial p–p stacking
force amongst the basal plane of rGO and the PANI backbone,
further reinforcing the nanocomposite’s thermal stability.147

3.9. Computational calculations

In the pursuit of advancing materials science and engineering,
the choice of appropriate models for the constituents of a
nanocomposite material is paramount. In this study, a specific
model for PANI and a distinct model for rGO were selected to
comprehensively investigate the PANI–rGO nanocomposite.
The overarching aim of this study is to align computational
results with experimental findings. By selecting these tailored
models for PANI and rGO, we aim to compare and confirm our
computational outcomes with experimental data, reinforcing
the credibility and applicability of our calculations. This holis-
tic approach bridges the gap between theory and practice,
fostering a deeper understanding of the PANI–rGO nanocom-
posite’s structural and electronic properties, with significant
implications for materials design and engineering applications.

3.9.1. Frontier molecular orbital (FMO) analysis. An
advanced computational approach was utilized to explore the
complex interaction configurations and electronic characteris-
tics of PANI/rGO nanocomposites. Through FMO analysis, the
most favorable interaction geometries were identified, offering

valuable insights into the electronic properties of the nano-
composite system.

This analysis was conducted under several key assumptions
that are essential for the computational modeling process.
First, it was assumed that the molecular orbitals of the PANI,
rGO, and PANI/rGO systems could be accurately represented as
linear combinations of atomic orbitals (LCAO).148 This is a well-
established method in quantum chemistry, designed to sim-
plify the intricate interactions within molecules. Additionally,
the molecules were modeled as isolated entities in a vacuum
environment, an approach that excludes solvent effects and
other intermolecular interactions. While this assumption sim-
plifies the computational process, it must be carefully consid-
ered when interpreting the results in practical, real-world
contexts.149,150 Moreover, the FMO analysis was based on the
assumption that the molecules are in their ground state,
focusing on their lowest energy configuration without consid-
ering possible excitations or the influence of external perturba-
tions such as temperature variations or electromagnetic
fields.149,151 Lastly, electron correlation effects were approxi-
mated rather than fully incorporated, a common practice in
DFT to ensure computational tractability, although this may
lead to minor deviations in the calculated absolute energy
levels.152

The optimized structures of PANI, rGO, and PANI/rGO, as
depicted in Fig. 15 reveal a pronounced tendency of rGO to
establish close interactions with the nitrogen (N) atoms of
PANI. This is clearly illustrated in Fig. 15(C), where the intimate
contact between rGO and the N atoms of PANI is distinctly
observed. These interactions are crucial for understanding the
electronic and molecular characteristics of the PANI/rGO nano-
composite, which may significantly influence its performance
in various applications. These critical findings, illustrated in
Fig. 15, provide invaluable insights into the optimized geome-
try of both PANI, rGO and the PANI/rGO nanocomposite. The
interaction among rGO and PANI, as elucidated in the opti-
mized structure, assumes paramount importance in compre-
hending the electronic and molecular characteristics of this
nanocomposite material. To evaluate the comparative stability

Fig. 14 The TGA profiles of pure PANI, rGO, and PANI/rGO
nanocomposites.

Fig. 15 Optimized geometry for (A) PANI, (B) rGO sheet, and (C) PANI–
rGO nanocomposite.
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and reactivity of the optimized structures, a range of para-
meters were systematically computed. These parameters
include the interaction energy, energies of the EHOMO, ELUMO,
and Eg.

The interaction energy was calculated by subtracting the
sum of the electronic energies of the individual components
(PANI and rGO) from the electronic energy of the resulting
complex (PANI/rGO). The resulting negative interaction energy,
in this case �12.566 eV, indicates that the formation of the
PANI/rGO nanocomposite is exothermic. From a thermody-
namic perspective, a negative interaction energy suggests that
energy is released during the formation of the nanocomposite,
which directly implies that the process is thermodynamically
favorable. This exothermic reaction lowers the overall energy of
the system, driving the formation of the complex.72,153–155 The
release of energy during bond formation between PANI and
rGO signifies the creation of a more stable, lower-energy
configuration compared to the isolated components. Hence,
the negative interaction energy not only confirms the sponta-
neity of the complex formation but also reflects the strong
interactions at the molecular level, which contribute to the
enhanced stability and unique properties of the PANI/rGO
nanocomposite.

Fig. 16 provides a comprehensive overview of the EHOMO
and ELUMO, along with the energy gap, for the PANI, rGO, and
PANI–rGO structures, all meticulously optimized in their most
stable forms. The energy gap of a molecular structure is widely
acknowledged as a crucial indicator of its electron transport
properties.44,156,157 Specifically, a lower energy gap in molecular
structures suggests enhanced ease of electron transport. As

illustrated in Fig. 16, the optimized configurations of PANI,
rGO, and PANI–rGO exhibit energy gaps of 0.96 eV, 1.36 eV, and
2.15 eV, respectively. This observation aligns seamlessly with
the experimental findings outlined in Section 3.5.1. This
insight further underscores the potential of the PANI/rGO
nanocomposite in facilitating efficient electron transport, a
key attribute in various electronic applications.

3.9.2. COSMO-RS approach. Unveiling the structure–prop-
erty relationship within molecular structures stands as a pri-
mary objective of COSMO-RS.80,158–160 COSMO-RS, an advanced
computational technique, utilizes quantum chemical computa-
tions and statistical thermodynamics to anticipate the thermo-
dynamic attributes of both individual substances and their
combinations.75,77,161 It relies solely on details about the atoms
in pure compounds, encompassing their geometry and charge
shielding density, rendering it independent of experimental
data.162,163 The COSMO-RS charge distribution in the interact-
ing system of PANI, rGO, and PANI–rGO is visually depicted on
the COSMO surfaces, as illustrated in Fig. 17. Here, non-polar
areas are represented in green, the acceptor of the hydrogen
bond (HBA) location is shown in red, and the hydrogen bond
donor is signified by the blue (HBD) region.78,81,164

In chemistry, sigma profiles and sigma potentials (s-profiles
and s-potentials, respectively) are fundamental tools for study-
ing the distribution of electrostatic potential around molecules
and ions. They are pivotal in characterizing a molecule’s
electronic structure and chemical properties, aiding in predict-
ing reactivity, stability, and other key attributes.165,166 Within
the COSMO-RS methodology, s-profiles (P(s)) offer graphical
representations of charge shielding density on a molecular

Fig. 16 Frontier molecular orbitals of (A) PANI, (B) rGO and (C) PANI–rGO nanocomposite.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 1

1:
28

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00231h


7368 |  Mater. Adv., 2024, 5, 7349–7376 © 2024 The Author(s). Published by the Royal Society of Chemistry

surface, providing insights into specific charge shielding
densities in different regions. s-Potentials (m(s)), on the
other hand, measure a molecule’s interaction affinity by asses-
sing the electrostatic potential energy at an exact point
within the molecule, considering the surrounding solvent
environment.78,82,83 This metric helps evaluate the tendency
of components in a mixture to interact with polar surfaces and
establish hydrogen bonds. The electron density distribution is
categorized into three regions: the HBD area (s o �0.0082 e
Å�2), the non-polar area (�0.0082 e Å�2 o s o 0.0082 e Å�2),
and the HBA area (s 4 0.0082 e Å�2). Positive m(s) values
indicate a higher occurrence of repulsive interactions, while
negative values indicate more significant interactions among
molecules.167 The horizontal axis, with increasing positive and
negative values representing H-bond thresholds, delineates
areas within a molecule where HBDs interact with HBAs.168

In this investigation, Fig. 18 provides a compelling visualiza-
tion of the s-profiles as well as s-potentials for both PANI and
rGO, which offer profound insights into their unique charac-
teristics. Upon scrutiny of the s-profiles, it becomes evident
that the PANI structure and rGO sheets predominantly exhibit
nonpolar attributes, with discernible regions exhibiting a pro-
pensity for HBA, notably linked to the oxygen atoms within the
rGO structure. Within the P(s), the central sector corresponds
to nonpolar or weakly polar segments of the molecules,
whereas the right-hand side reveals strongly polar areas, sug-
gesting potential involvement in hydrogen bonding (Fig. 18(a)).
On the left-hand side, HBD regions emerge. Within the carbon-
rich zones, nonpolar characteristics prevail, denoted by the
green regions in the surface charge distribution representa-
tions, signifying areas predominantly associated with exposed
carbon atom surfaces. Peaks positioned within the HBA regions

Fig. 17 Optimized COSMO-RS 3D structures of (A) PANI, (B) rGO, and (C) PANI–rGO models.

Fig. 18 (A) s-Profiles and (B) s-potentials derived by COSMO-RS for PANI and rGO models investigated in this study.
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link to the presence of oxygen atoms, depicted as red areas in
the surface charge density; for rGO, this red area is correlated
with the epoxy groups (as observed in Fig. 17(B)). In contrast,
peaks within the HBS area of the s-profile align with hydrogen
atoms present in the alkyl side chains and hydroxyl groups,
illustrated as light blue areas.169 Moreover, a meticulous exam-
ination of the s-potentials emphasizes that the primary inter-
action between PANI and rGO transpires within the polar
region, encompassing both HBA and HBD sites. This phenom-
enon can be largely attributed to rGO’s demonstrated capacity
to establish hydrogen bonds, as indicated by positive m(s)

values.153,170,171 Additionally, it is worth noting that viable
interactions are not confined solely to the polar realm; they
can also manifest within the nonpolar area, where rGO exhibits
a negative m(s) value (Fig. 18(b)).

This observation underscores the intricate nature of the
interaction between PANI and rGO, which bridges both
polar and nonpolar domains. Accordingly, the s-profiles and
s-potentials of these distinct compounds provide appreciated
insights into their chemical composition, accounting for
polarization and their potential for hydrogen bonding. This
comprehensive understanding significantly augments our

Fig. 19 Scatter plots for RDG (upper) and NCI (bottom) isosurfaces (s = 0.5 a.u.) of (A) PANI, (B) rGO, and (C) PANI/rGO isosurfaces (IGM = 0.01 a.u.). The
isosurfaces’ colors correspond to the sign values (l2) r, ranging from �0.05 to 0.05 a.u.
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understandings into the plausible interactions among the
targeted PANI and rGO structures.

3.9.3. Non-covalent interaction (NCI) analysis. NCI analy-
sis is an advanced theoretical method widely employed to
elucidate intermolecular interactions and characterize weak
forces within molecular systems.172–174 This approach is parti-
cularly valuable for visualizing and quantifying the nature of
these interactions through the use of r and the RDG, which are
critical for identifying non-covalent interactions such as van
der Waals forces, hydrogen bonding, and steric repulsions.

The capability of the NCI approach is measured by its ability
to provide detailed insights into the strength, type, and dis-
tribution of these interactions across the molecular system.
Specifically, NCI analysis employs the product of r and the sign
of the second-highest eigenvalue l2 of the Hessian matrix of the
electron density at each point on the isosurface. This product,
(l2) � r, is a key metric that allows for the differentiation
between attractive and repulsive interactions. A negative value
of (l2) � r indicates attractive forces, such as hydrogen bonds,
while a positive value signifies repulsive interactions, like steric
hindrances.160,172,175

The reliability and effectiveness of the NCI approach are
gauged through its consistency with experimental observations
and other computational methods. By accurately identifying
and characterizing the non-covalent interactions that stabilize
molecular structures, the NCI approach has been validated in
numerous studies for its ability to predict interaction behavior
that aligns well with empirical data. In this study, the capability
of the NCI method was demonstrated by the clear identification
of van der Waals forces as the predominant stabilizing inter-
actions within the PANI/rGO nanocomposite, as shown in
Fig. 19. The RDG isovalue range from �0.035 to 0.020 a.u.,
combined with the color-coded isosurfaces, effectively visua-
lizes these interactions, further corroborating the stability of
the nanocomposite.

For the PANI molecule, NCI analysis revealed intramolecular
van der Waals forces, indicated by green surfaces in the 3D plot,
with corresponding spikes at �0.01 a.u. in the 2D s(r) plot. In
the PANI/rGO system, a cluster of RDG spikes between 0.00 and
�0.01 a.u. confirmed the presence of weak, yet significant, non-
covalent interactions, primarily van der Waals forces, which
contribute to the formation and stability of the nanocomposite.
The application of the NCI approach in this study, therefore,
demonstrates its robust capability in accurately mapping and
quantifying the non-covalent interactions that underpin the
structural integrity and functional properties of the PANI/rGO
nanocomposite.

3.9.4. Quantum theory of atoms in molecules (QTAIM)
results. The QTAIM framework is a well-established computa-
tional tool used for characterizing the strength and nature of
interactions within chemical systems.176–178 In Fig. 20, we
present molecular graphs of the PANI/rGO system, which high-
light the presence of bond critical points (BCPs) and bond
paths. The identification of these BCPs confirms the transfer of
electron density, substantiating the formation of chemical
bonds between PANI and rGO.

While specific benchmarking tests were not conducted as
part of this study, it is important to note that the QTAIM
methodology has been extensively validated and is widely
recognized in the field of computational chemistry. The para-
meters we employed—such as electron density (r(r)), Laplacian
of the electron density (D2r(r)), potential energy density (V(r)),
Lagrangian kinetic energy (G(r)), and total energy density
(H(r))—are derived using well-established computational pro-
tocols. These protocols are widely accepted in the scientific
literature and have been proven reliable for analyzing systems
similar to the PANI/rGO nanocomposite.

In our study, BCPs were precisely identified by locating
(3, �1) critical points (CPs), which are also known as saddle
points, between interacting atoms or along the paths connect-
ing analyte atoms to the surface.75,179–181 These BCPs are
critical in probing non-covalent interactions within two-
fragment systems. The calculated parameters, detailed in
Table 6, provide significant insights into the nature of the
interactions within the PANI/rGO system.

The strength of intermolecular bonds between PANI and
rGO was further investigated by classifying the interactions
based on D2r(r) and H(r) values. Positive and negative values
of these parameters correspond to weak and strong interac-
tions, respectively. A negative H(r) combined with a positive
D2r(r) indicates medium-strength interactions.182 As shown in
Table 6, r(r) values with positive D2r(r) are indicative of hydro-
gen bond interactions, as seen in the interaction between
125(H) and 88(O). Furthermore, the analysis revealed a strong
tendency for rGO to interact closely with the nitrogen (N) atoms
of PANI, evidenced by the BCP between 274 : 102(N) and 21(C).
The ratio |V(r)|V(r), which is less than 1, indicates that the
electron’s tendency to combine (represented by V(r)) is out-
weighed by their propensity to disperse (represented by G(r)).

Fig. 20 QTAIM molecular graphs showing bond paths and critical points
for PANI/rGO complex. Orange, yellow, and green dots signify BCP points,
ring-critical points, and cage-critical points, correspondingly.
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This ratio suggests that the interactions between PANI and rGO
are predominantly electrostatic in nature.182 The application of
well-established QTAIM methodologies, combined with adher-
ence to rigorous computational protocols, ensures the robust-
ness and reliability of our findings. Consequently, the insights
gained into the bonding interactions within the PANI/rGO
system provide valuable contributions to the advancement of
nanocomposite technologies.

4. Conclusion

In the present work, we achieved the successful synthesis of
PANI/rGO nanocomposites through an in situ chemical poly-
merization process facilitated by a deep eutectic solvent (DES)
serving as an electrolyte. A thorough investigation was con-
ducted, integrating response surface methodology (RSM), arti-
ficial neural networks (ANN), and molecular simulation
techniques for the comprehensive modeling, optimization,
and characterization of PANI/rGO nanocomposites. The colla-
borative implementation of optimization methods and meticu-
lous characterization uncovered profound insights into the
multifaceted characteristics of these nanocomposites. From
this integrative approach, several key outcomes have emerged:
� RSM analysis elucidated the impact of APS/ANI molar

ratio, rGO loading, and polymerization time on electrical con-
ductivity, culminating in a second-order polynomial function.
Optimal conditions for maximum electrical conductivity were
identified as an APS/ANI molar ratio of 0.75, 3 wt% rGO
loading, and a 6-hour polymerization time, yielding a high
conductivity of 4.975 � 10�3 S cm�1. ANN analysis exhibited
enhanced conductivity of 4.988 � 10�3 S cm�1, showcasing the
superior predictive accuracy of the ANN model over RSM.
� Comprehensive characterization through UV-vis, PL, Raman,

FTIR, and XRD elucidated significant structural changes in PANI/
rGO nanocomposites, emphasizing the transformative impact of
rGO on PANI.
� XPS analysis unveiled distinctive elemental compositions,

with the deconvolution of C 1s spectra highlighting intensified
C–N peaks in PANI/rGO, indicating a denser nanocomposite
coating and promising structural enhancements.
� Electrochemical studies through cyclic voltammetry show-

cased superior capacitance in PANI/rGO, reaching an impress-
ive 145.79 F g�1, surpassing individual PANI or rGO
components.
� TGA analysis affirmed the enhanced thermal stability of

PANI/rGO, with decomposition temperatures notably higher

than pure PANI, attributed to synergistic covalent bonding
and substantial p–p stacking forces.
� Molecular-level insights through FMO, COSMO-RS, NCI,

and QTAIM analyses provided a nuanced understanding of the
PANI–rGO system, highlighting the dominant role of van der
Waals forces in nanocomposite formation and stability.

To sum up, this study presents an innovative approach for
fabricating multifunctional PANI/rGO nanocomposites, high-
lighting their potential in applications such as supercapacitors
and gas sensors. These nanocomposites offer significant pro-
mise for advancing materials and promoting eco-friendly inno-
vations. Future research should focus on the long-term stability
and performance of PANI/rGO nanocomposites under various
environmental conditions, scalable synthesis methods for
industrial production, functionalization and doping to enhance
specific properties, advanced characterization techniques for
deeper insights, integrating PANI/rGO with other materials to
develop hybrid systems, and conducting theoretical and com-
putational studies to predict material behavior and design new
composites. These efforts will pave the way for utilizing PANI/
rGO nanocomposites in advanced energy storage devices, envir-
onmental sensors, and next-generation electronic materials.

However, several limitations need to be addressed for suc-
cessful industrial application. Reproducibility at a larger scale
is challenging due to variations in DES composition and the
need for precise control over reaction conditions. Scaling up
requires maintaining uniform temperature, mixing conditions,
and reaction times. The use of specialized chemicals may
increase costs and pose availability issues. While DES is more
environmentally friendly than conventional solvents, its
potential toxicity and environmental impact require thorough
evaluation. The dual optimization strategy adds complexity,
requiring specialized knowledge and resources. Additionally,
the long-term stability of the nanocomposites under various
environmental conditions needs further investigation.

This study presents a novel and superior method for synthe-
sizing PANI/rGO nanocomposites, addressing gaps in existing
literature and offering a comprehensive optimization strategy
for enhanced electrical conductivity. Addressing these limita-
tions is crucial for the successful industrial application of these
promising materials.
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