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both electrical and optical properties. This multifaceted improvement results in

nanocomposites with strong potential applications in advanced technologies. The

findings suggest promising use in optoelectronic devices, chemical sensors, and

printed electronic systems, thereby supporting the development of multifunctional

materials for next-generation smart technologies.

1. Introduction

Conductive polymers constitute a cornerstone of modern materials science,
offering a unique combination of electrical conductivity, chemical stability, and
mechanical flexibility. Among them, polyaniline (PANI) stands out due to its tunable
electrical properties, ease of synthesis, and resilience to environmental conditions [1].
However, its relatively low conductivity and limited processability present challenges for
advanced technological applications, necessitating targeted modifications. Incorporating
nanomaterials, such as graphene oxide (GO) and metal oxides, has proven effective in
addressing these limitations. With its high surface area, mechanical strength, and versatile
electronic characteristics, GO is an efficient medium for charge transport [2, 3].
Simultaneously, metal oxides like tin dioxide (SnO:) and tungsten trioxide (WOs)
contribute structural stability, modulate dielectric properties, and enhance optical
responsiveness. The resulting hybrid nanocomposites benefit from synergistic effects,
making them attractive for optoelectronics, printed electronics, and chemical sensing
technologies [4, 5].

This study focuses on the synthesis and characterization of PANI/GO/WO:;—-SnO-
nanocomposites to understand their electrical and optical behavior. Specifically, it
investigates how these nanofillers influence charge transport, dielectric performance, and
light absorption. The goal is to develop multifunctional materials suitable for high-
performance sensors, solar energy devices, and energy storage systems. This research
aims to bridge the gap between electrical conductivity and optical performance by
optimizing the composition and processing conditions. The findings are expected to
contribute to the development of next-generation materials for smart electronic and
sensing devices, offering improved functionality and integration for future technologies.

© 2025 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/).
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2. Experimental Work

Pure PANI was synthesized at 0°C using an ice bath. The polymerization process
begins by mixing aniline with 0.3 M hydrochloric acid in a 100 mL volumetric flask
placed on a magnetic stirrer. Concurrently, 2 g of ammonium persulfate were dissolved
in 50 mL of distilled water and stirred for 15 minutes. This solution was then gradually
added to the aniline-hydrochloric acid mixture. As the addition proceeded, the solution
color changed to dark green, and the reaction continued for 5 hours while maintaining the
temperature in the ice bath. The reaction mixture was allowed to stand overnight. The
resultant polymer was filtered through filter paper, washed thoroughly with distilled
water, dried in an oven at 40°C for one hour, and subsequently ground into a fine powder.

Following the initial polymerization steps, which involved mixing aniline and
hydrochloric acid with an ammonium persulfate solution, GO was added to the reaction
mixture in varying weight percentages. This process was carried out while stirring in an
ice bath for 5 hours. The mixture was left to react overnight. Afterwards, the resulting
material was filtered, rinsed multiple times with distilled water, dried in an oven at 40°C
for one hour, and ground into a fine powder. After the preparation of pure PANI, graphene
oxide was added to the mixture 10 minutes later. SnO. or WO3 was introduced in varying
weight ratios. The resulting mixture was stirred for 5 hours in an ice bath and allowed to
stand for 24 hours. The precipitate was then filtered, rinsed multiple times with distilled
water, dried in an oven at 40°C for one hour, and finally ground into a fine powder.
0.01 g sample of PANI/GO and PANI/GO/SnO,, PANI/GO/WO3 nanocomposites were
dissolved in 10 mL of Dimethyl sulfoxide (DMSO), and the solution was stirred using a
magnetic stirrer to achieve uniformity. Due to the partial dissolution of PANI, the solution
was subsequently filtered [6].

3. Results and Discussion

The conductivity properties of PANI/GO/metal oxides nanocomposites can be
explained as a function of frequency of the applied electric field. The AC conductivity
measurements were made for PANI/GO/metal oxides nanocomposites in the frequency
range between 50Hz and 1MHz. The ac conductivity (cac) Of the nanocomposites was
calculated using the formula [7]:

Oac = €p&rw tand (1)

where g is the permittivity of free space (8.85 x 1072 Farad/metre), & is the dielectric
constant determined by applying the following equation[7]:

CPt )
&= A (2)
o is the angular frequency, tan 9 is the loss factor, Aeff IS the effective area, and t is the
thickness.

Fig.1 shows In oa versus In(w) for PANI/GO/metal oxides at different
concentrations of GO and metal oxides (SnO. and WOs). The addition of 1% GO
significantly enhanced the conductivity of PANI. The composite containing 1% GO
exhibited improved conductivity compared to pristine PANI. Furthermore, increasing the
GO concentration to 5% led to an additional enhancement in conductivity, indicating that
GO facilitates charge transport within the polymer matrix by providing conductive
pathways. It is evident that the incorporation of SnO: affected the electrical behaviour of
PANI composites in a distinct manner. The sample containing 1% GO, and 1% SnO:
(yellow curve) demonstrated a conductivity trend similar to that of pure PANI, with a
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slight improvement. However, the 5% GO and 3% SnO. composite showed a reduction
in conductivity compared to GO-based composites alone. This suggests that SnO. may
introduce scattering effects or structural disruptions that hinder charge mobility, thereby
limiting the overall conductivity enhancement. The presence of SnO. resulted in a
significant reduction in conductivity at lower frequencies; however, as the frequency
increased, the conductivity improved. This behaviour indicates semiconductor-like
charge transport mechanisms, where the material exhibits frequency-dependent
conduction due to localized charge trapping and energy barrier effects.

The influence of WO:; introduces noticeable variations in conductivity behaviour.
The composites containing 1% GO and 1% WO; (brown curve), as well as 5% GO and
3% WO, displayed distinct changes in electrical response. The presence of WOs at low
concentration led to an increase in conductivity, while an increase in WOs concentration
led to a further increase in conductivity. The apparent increase in electrical conductivity
after adding GO and WO: to the builder is attributed to the fact that WO: has a relatively
small energy gap compared to SnO- and GO, which consequently leads to an increase in
the concentration of charge carriers and thus an increase in electrical conductivity.
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Figure I: In 64 versus In(w) for PANI/GO/metal oxides at different concentrations.

Fig.2 illustrates the real part of the dielectric constant (e:) as a function of
frequency (In(w)) for PANI composites loaded with different metal oxides. The dielectric
constant reflects the ability of a material to store electrical energy and is influenced by
factors, such as charge polarization, dipole interactions, and charge carrier mobility [8].
It is evident that & changes in a non-regular manner due to the effect of loading PANI
with different nanomaterials. The interesting result was that the values of & for loaded
composites exceeded those of pristine PANI. Moreover, the PANI + 1% GO sample
exhibited a significantly higher dielectric constant than that of pure PANI, particularly at
low frequencies. This indicates that GO enhances interfacial polarization due to its high
surface area and electrical conductivity [9]. The values of & are still higher than pristine
PANI when the loading concentration of GO was increased to 5% composite,
demonstrating stable dielectric behaviour across all frequencies, suggesting that an
increased GO concentration improves charge storage stability. However, its dielectric
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values at low frequencies were lower than those of the 1% GO sample, which may be
attributed to saturation effects and dipole scattering within the polymer matrix.

The constant curve of PANI + 1% GO + 1% SnO: and PANI + 5% GO + 3% SnO:
samples exhibited behaviour similar to that of pure PANI, with slight improvements. This
suggests that SnO: does not significantly enhance interfacial polarization but stabilizes
the dielectric response by minimizing fluctuations in charge carrier movement. While the
constant curve of PANI + 1% GO + 1% WOs and PANI + 5% GO + 3% WO: increased
and exceeded that of pure PANI. These samples, particularly the 1% WOs composite,
showed notably high dielectric constant values at low frequencies, indicating strong
interfacial polarization effects. As the frequency increased, the dielectric constant
gradually decreased, suggesting dipole relaxation and reduced charge carrier
responsiveness to the alternating electric field [10].

The results demonstrated that incorporating GO significantly enhanced the charge
storage capability of the composites, particularly at lower concentrations. However,
increasing GO content beyond a certain threshold may lead to saturation effects that limit
further improvement. In contrast, SnO. had a minimal impact, acting primarily as a
stabilizer for dielectric properties rather than an enhancer of polarization. WOs, on the
other hand, introduced a frequency-dependent dielectric response, reflecting a
semiconductor-like behaviour that influenced charge-trapping mechanisms and
polarization dynamics. At low frequencies, the elevated dielectric constant observed in
GO- and WOs-containing samples can be attributed to interfacial charge polarization,
where charge carriers accumulate slowly at material interfaces. As frequency increased,
this polarization effect diminished, gradually reducing the dielectric constant a behaviour
commonly observed in dielectric materials.
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Figure 2: The real part of the dielectric constant (¢1) for PANI/GO/metal oxides
nanocomposites as a function of frequency.

Fig.3 illustrates the imaginary part of the dielectric constant (€z) as a function of
frequency (In(w)) for PANI composites modified with different nanomaterials. The
imaginary component of the dielectric constant is associated with dielectric losses, which
arise from energy dissipation due to charge carrier movement, dipole relaxation, and
interfacial polarization [11]. 2 was calculated from the following equation:
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The & variation of PANI + 1% GO and PANI + 5% GO samples with frequency
showed enhanced dielectric loss compared to pure PANI, indicating that an increase in
GO content amplified charge carrier interactions within the polymer matrix. This suggests
that GO enhanced charge carrier mobility and interfacial polarization, increasing energy
dissipation. While the values of & of PANI + 1% GO + 1% SnO- were higher than that
of pure PANI However, they decreased to lower values, closely matching those of the
pure PANI + 5% GO + 3% SnO: sample, with only slight variations. These trends suggest
that SnO: does not significantly contribute to charge carrier movement or interfacial
polarization but stabilizes the dielectric response. The variation of €. of PANI + 1% GO
+ 1% WOs with frequency was similar to that of PANI + 1% GO + 1% SnOz. In
comparison, there was a drastic increase in & values of PANI + 5% GO + 3% WO:
composite which shows unique characteristics, particularly at higher frequencies, where
dielectric loss remains prominent.

The WOs containing samples exhibited noticeable fluctuations in dielectric loss
at intermediate frequencies, suggesting localized charge trapping and relaxation
phenomena. This behaviour indicates the influence of tungsten oxide on the electronic
structure of the polymer composite, where charge carriers may experience recombination
or scattering effects. Additionally, at low frequencies, the dielectric loss was higher, likely
due to interfacial polarization and charge accumulation at material boundaries. Overall,
the results indicated that GO significantly enhanced the dielectric loss due to its ability to
facilitate charge transport and polarization effects. However, an excess amount of GO
may lead to saturation effects, reducing the effectiveness of charge carrier mobility. SnO-
primarily acted as a stabilizing agent, maintaining a relatively uniform dielectric loss
profile. In contrast, WOs induced complex dielectric behaviour, characterized by
frequency-dependent charge trapping and relaxation processes [12]. These findings
suggest that PANI-based nanocomposites can be tailored for specific electronic
applications by carefully selecting the type and concentration of nanomaterial additives.
GO-based composites exhibit promising characteristics for applications requiring high
dielectric loss, such as electromagnetic interference (EMI) shielding, while WO:s-
modified materials may be suitable for devices where tunable dielectric behaviour is
required.
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Figure 3: The imaginary part of the dielectric constant (&) for PANI/GO/metal oxides as a
function of frequency.
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Fig.4 shows the UV-Vis absorption spectra for PANI/GO/metal oxide
nanocomposites. The UV-Vis spectra illustrate the absorbance behaviour of pure PANI
and its composites with GO, SnO-, and WOs. The spectra covered the wavelength range
from approximately 300 to 1100 nm. The UV-Vis absorption spectrum of PANI exhibited
two distinct absorption bands corresponding to its electronic transitions and molecular
structure. The first absorption band appeared in the range of approximately 320-380 nm
and is attributed to m-n* transitions within the benzenoid rings of the polymer backbone.
This transition represents electronic excitation in the polymer chain and is characteristic
of the emeraldine base form of PANI. The second absorption band was observed in the
range of approximately 600-700 nm and is associated with polaron-z* transitions,
indicating the presence of charge carriers within the polymer structure. This band
confirms the formation of the conductive emeraldine salt, where protonation enhances
charge delocalization, which is essential for applications in sensors, capacitors, and
electronic devices. The oxidation state of PANI significantly influences its absorption
characteristics, as a shift in the absorption bands could indicate a transition between
different oxidation forms, such as leucoemeraldine or pernigraniline. The observed
absorption peaks aligned well with previously reported spectra for PANI, confirming the
successful synthesis and expected electronic structure of the polymer. These findings
validate the optical properties of PANI and reinforce its suitability for electronic and
optoelectronic applications [13,14].

The UV-Vis spectrum of PANI with 1% GO revealed distinct absorption features,
indicating modifications in the electronic structure of the composite. The spectrum
displayed a strong absorption peak in the ultraviolet region, approximately around
270-350 nm, corresponding to ® — 7* electronic transitions in the benzene ring of PANI.
The incorporation of 1% GO slightly altered the intensity and position of this peak,
suggesting interactions between the PANI matrix and the GO sheets. A second broad
absorption band appeared in the visible region, around 600 nm, which is attributed to
polaron-bipolaron transitions in PANI. The presence of GO influenced this peak,
potentially shifting its position or modifying its intensity due to charge transfer effects
between the two materials. The broad nature of the peak suggests enhanced charge
delocalization, which could lead to improved electrical conductivity. In the near-infrared
region, the absorption gradually declined, indicating minimal absorption beyond 800 nm.
This trend suggested that the electronic structure of the composite remained largely
influenced by PANI, with GO contributing to enhanced charge transport rather than
introducing new electronic transitions in this region. The addition of 1% GO to PANI
resulted in noticeable spectral changes, highlighting the strong interaction between the
two components [15-16]. The UV-Vis spectral analysis of PANI after incorporating 5%
GO revealed significant modifications in its optical absorption properties. The absorption
peak observed in the ultraviolet region, particularly around 270-350 nm, corresponds to
the 1 — m* electronic transitions in the benzene ring of PANI. The introduction of GO
induced slight variations in the intensity of this peak, indicating potential interactions or
structural modifications within the composite material. In the visible region, an
absorption band appeared around 600—700 nm, associated with polaron-bipolaron charge
transitions in PANI. The presence of GO influenced this absorption, potentially shifting
the peak position or altering its intensity due to the enhanced electronic interactions
between the two components. This suggests an improvement in charge transport
mechanisms, which could enhance the electrical conductivity and stability of the material.
In the near-infrared region, weak absorption peaks were detected between 900 and 1100
nm, possibly resulting from structural defects, impurities, or charge transfer effects
introduced by GO. These features indicated an improved separation of charge carriers and
enhanced electron mobility, which may contribute to better performance in optoelectronic
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applications. Overall, the addition of GO led to notable changes in the spectral behavior
of PANI, reflecting a strong interaction between the two materials. This modification is
expected to enhance electrical conductivity, thermal stability, and overall material
performance, making the PANI-GO composite a promising candidate for energy storage
devices, chemical sensors, and photovoltaic applications [17,18].

The UV-Vis absorption spectrum of the PANI + 1% GO + 1% SnO: composite
(represented by the black curve in Fig.4) shows a noticeable increase in absorbance across
both the ultraviolet and visible regions compared to the binary PANI + 1% GO composite.
The main absorption peak, attributed to m—n* transitions within the benzenoid rings of the
polymer backbone, appears in the range of 320-350 nm with enhanced intensity,
indicating improved conjugation and stronger interactions among the components. A
broad absorption band also appears in the visible region around 600 nm, associated with
polaronic transitions, which reflects increased charge delocalization and improved
electrical conductivity. These enhancements suggest that SnO: nanoparticles play an
active role in modifying the electronic structure of the polymer by reducing defect states
and facilitating more efficient charge separation. This indicates a synergistic effect
between GO and SnO: within the PANI matrix, leading to enhanced optical response and
improved functional properties [19, 20].

Overall, the incorporation of GO and SnO: into the PANI matrix contributes to
improved charge transport and structural stability, which are important for applications
that require efficient light absorption and effective charge separation. Therefore, this
ternary composite is considered a promising material for optoelectronic devices, energy
storage, and photocatalytic systems. The observed changes in optical properties
demonstrate the potential of such hybrid nanocomposites for fine-tuning the electronic
structure to meet specific technological requirements [21, 22].

The UV-Vis absorption spectrum of the 5%GO + 3% SnO. for PANI composite
exhibited significant change compared to lower GO concentrations, demonstrating
enhanced optical absorption. The primary peak in the UV region, corresponding to the nt-
7* transition of benzenoid structure of polyaniline, showed increased intensity, indicating
improved electronic interactions within the composite. This suggests that the
incorporation of a higher GO content enhances the delocalization of charge carriers,
thereby facilitating better conductivity and electronic transitions. The second absorption
peak in the visible or near-infrared region, attributed to excitonic transitions and charge
transfer between SnO: and the polymer matrix, also experienced notable enhancement.
This intensity of the peak and possible shift imply that the presence of a higher GO
content influences the energy band alignment and the interaction between the
nanomaterials, leading to a more effective charge separation. The increased absorption
over a broader wavelength range suggests improved light-harvesting capabilities, making
the composite a strong candidate for optoelectronic and photocatalytic applications. The
enhanced optical response of this composition is likely due to the synergistic effect of GO
and SnO: in modifying the electronic structure of PANI. GO acts as an efficient charge
transport medium, reducing recombination losses and facilitating electron transfer, while
SnO: nanoparticles contribute to enhanced optical absorption and stability. These
observations highlight the potential of this composite for advanced applications requiring
efficient charge carrier dynamics, such as in photovoltaic devices, sensors, and
photocatalysts [23].

The UV-Vis absorption spectrum of the 1% GO + 1% WOs for PANI composite
exhibited distinct absorption features indicative of its electronic transitions. The spectrum
revealed two prominent absorption regions. The first region, observed in the UV range,
corresponds to the m-n* electronic transitions of the aromatic rings in PANI, which are
characteristic of its conjugated system. The second broad absorption peak in the visible
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range, centered around 600 nm, signified the presence of polaronic and bipolaronic states,
which are associated with the charge carrier transitions in doped PANI. The high
absorption in the UV region suggests an interaction between GO, WOs, and PANI,
enhancing the optical response of the material. The peak at approximately 600 nm
indicates the emeraldine salt form of PANI, the most conductive state of the polymer.
This broad absorption is crucial for applications in optoelectronic devices, sensors, and
photocatalysis, as it enhances light-harvesting efficiency. The gradual decline in
absorbance beyond 700 nm further supports the semiconducting nature of the composite.
The slight fluctuations in the UV region may be attributed to scattering effects or minor
inconsistencies in the dispersion of the sample. The presence of WOs nanoparticles
influences the optical properties by modifying the band structure of PANI, potentially
extending its absorption into the near-infrared region. The combination of GO and WO:
contributes to enhanced charge transport properties, which could improve the
performance of composite in energy storage and conversion applications. Overall, the
spectrum highlighted the synergistic effect of GO and WOs in tuning the optical and
electronic properties of PANI, making it a promising candidate for advanced functional
materials.

The UV-Vis absorption spectrum of the 5% GO + 3% WOs for PANI composite
demonstrated characteristic absorption peaks that provide insight into its electronic
structure and interaction among its components. The spectrum extended from 190 nm to
1100 nm, revealing distinct absorption features. In the UV region, a strong absorption
peak was observed, attributed to the n-n* electronic transitions of the aromatic rings in
PANI, which are indicative of its conjugated structure. This peak was more pronounced
compared to lower GO and WOs concentrations, suggesting enhanced electronic
interactions due to the higher doping levels. A broad absorption band centered around
600 nm corresponds to the polaronic and bipolaronic transitions in the doped PANI,
confirming the presence of the conductive emeraldine salt form. This band is crucial for
determining the conductivity of the material and its potential application in optoelectronic
devices. Additionally, weak absorption featured in the near-infrared region indicates
extended electronic transitions, possibly due to the incorporation of WOs, which
influences the band structure of the composite. The increased GO concentration enhanced
the absorption intensity, suggesting improved charge carrier mobility and a more efficient
electron transport network within the composite. The presence of WOs further modified
the optical properties, extending the absorption range and potentially improving
photocatalytic and sensing applications. The overall absorption behaviour indicates a
synergistic interaction between GO, WOs, and PANI, which enhances the optical
properties of material, making it suitable for applications in energy storage, sensors, and
advanced electronic devices [24].

in Fig.4,The incorporation of GO into PANI led to significant variations in
absorbance, as seen in the purple and cyan curves corresponding to PANI with 1% and
5% GO, respectively. The increase in GO concentration resulted in enhanced absorbance
intensity, especially in the visible range, suggesting improved charge transfer interactions
between PANI and GO. This enhancement was more pronounced at higher GO content,
confirming its role in modifying the electronic properties of PANI. When SnO:
nanoparticles were introduced alongside GO, as indicated by the black and green curves,
further modifications in the absorption profile were observed. The absorption intensity
increased, particularly in the visible region, due to the synergistic interaction between
GO, SnO:, and PANI, which facilitates better charge separation and transport. The shift
in the absorption bands suggested enhanced electronic transitions, likely improving the
optoelectronic properties of the material. Similarly, the addition of WOs, represented by
the yellow and gray curves, introduced additional modifications in the absorption
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spectrum. The absorbance intensity decreased slightly in comparison to the SnO»-based
composites, but the broad absorption in the visible region remained evident. This could
be attributed to the charge transfer interactions between PANI, GO, and WOs, which alter
the band structure and extend the absorption range.

Overall, the spectral analysis revealed that incorporating GO, SnO:, and WO:s into
PANI significantly influences its optical properties. The presence of GO enhanced charge
transfer, while the metal oxides further modified the absorption behavior, potentially
improving the performance in optoelectronic material or photocatalytic applications.
These findings highlight the potential of such hybrid materials for advanced functional
applications where tailored optical and electronic properties are crucial.
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Figure 4: Absorption versus wavelength for polyaniline/GO/metal oxide nanocomposites.

Fig. 5 shows the Tauc plots for pure PANI and its composites, illustrating the
relationship between (ahv)*> and photon energy (hv). This analysis is crucial for
determining the optical band gap (Ey) of the studied materials for evaluating the suitability
of this material for applications in optoelectronic devices, photocatalysis, and sensing
technologies [25, 26]. The linear region of the curve is used to determine the optical band
gap, which is estimated by extrapolating the linear portion of the plot to the x-axis. Tauc’s
equation is:

(ahv)" = B(hv — Ey) (4)

where hv is the photon energy, B is a constant. The exponent r depends on the type of
electronic transition: r=1/2 for allowed direct transitions and r=2 for allowed indirect
transitions. The absorption coefficient (a) is calculated using the equation:

2.303 A
a= "

(5)

where A represents the absorbance.

The results revealed that the band gap varied with the material composition. The
curve for pure PANI exhibited a specific band gap value of approximately 3.2eV,
indicating its semiconducting nature. The shape of the curve suggested strong absorption
in the ultraviolet-visible (UV-Vis) region, with a sharp increase in (ahv)? near the band
edge. This behaviour is characteristic of m-n* electronic transitions in the conjugated
polymer backbone of PANI. The steep absorption onset further confirmed the direct
nature of the electronic transitions in this material. The analysis confirmed that PANI
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exhibited strong optical absorption with a well-defined band edge. The band gap value
obtained is consistent with previously reported values for PANI in its emeraldine salt
form, which typically exhibits a band gap in the range of 2.8-3.2 eV. This value suggests
that pure PANI can be an efficient optical material for applications in optoelectronic
devices, such as solar cells, sensors, and light-emitting diodes. The possibility of tuning
its band gap through composite formation further enhances its potential in advanced
material design [27].

The relatively wide band gap of the pure PANI indicates that modifications, such
as doping with GO and metal oxides (MO), may be necessary to enhance its conductivity
and extend its optical response into the visible and near-infrared regions. Incorporating
GO and MO, such as SnO., and WOs led to noticeable shifts in the absorption edge.
Introducing GO at concentrations of 1% and 5% resulted in a significant absorption edge
shift indicating modifications in the electronic structure.

From the plot of PANI+1%GO composite, the absorption edge appears at around
3.24 eV, indicating its optical band gap. The presence of GO in the polymer matrix
influenced the electronic properties of PANI. The shift in the band gap compared to pure
PANI suggests an interaction between GO and PANI, which may lead to changes in
charge transfer and electronic transitions. Additionally, the broad absorption peak
observed at lower energies around 2.0 eV is characteristic of polaronic transitions of
PANI, further confirming the hybrid modified electronic structure of the material.

The Tauc plot for the PANI+5%GO composite suggests an optical band gap
around 3.28 eV. The slight increase in the band gap compared to the PANI+1%GO
composite implies that incorporating a higher percentage of graphene oxide affects the
electronic transitions within the polymer matrix. The absorption feature around 2.0 eV
corresponds to the polaronic transitions in PANI, which are influenced by the presence
of GO. The increase in GO content likely enhances charge transfer interactions between
PANI and GO, leading to modifications in the electronic structure. The sharper absorption
edge at higher energies suggests improved optical properties, potentially due to enhanced
ordering and interaction between the polymer chains and the GO sheets. The slight
broadening of the band gap with increased GO content suggests improved electrical
conductivity and enhanced suitability for optical and electronic applications. The
improved optical response of material and altered electronic properties make it a
promising candidate for energy storage, sensors, and photovoltaic devices applications.
The observed trends indicate that GO incorporation can be utilized to tailor the electronic
and optical properties of PANI-based composites for specific technological applications
[28].

The addition of SnO: and WO:s further altered the band gap. The Tauc plot for the
PANI+1%GO+1%Sn0O2> composite revealed that the band gap for this composite was
around 3.18 eV. The absorption feature at approximately 2.0 eV remained prominent,
characteristic of polaronic transitions in PANI. SnO., a well-known semiconductor, likely
contributes to enhanced charge carrier separation and modified electronic interactions.
The PANI+5%G0+3%Sn0, composite showed a slight decrease in the optical band gap
3.12eV compared to the binary composite system, indicating that SnO- may be playing a
role in tuning the energy levels, potentially reducing defect states or modifying the density
of states at the conduction and valence band edges. The plot exhibited an absorption peak
at lower energy levels, which may be attributed to internal electronic transitions or
interactions between the composite components, reflecting the impact of SnO2 and GO
additions on the structural and electronic properties of PANI. The combination of GO and
SnO: in the PANI matrix suggests improved charge transport and stability, which can be
advantageous for applications requiring efficient light absorption and charge separation.
This makes the composite a promising material for optoelectronic applications, energy
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storage, and photocatalytic systems. The observed changes in the optical properties
highlight the potential of ternary nanocomposites in fine-tuning the electronic structure
to meet specific technological requirements.

The optical energy gap of PANI+1%GO+1%WO3 and PANI+5%GO+3%WOs,
were 3.2 and 3.28eV. WOz and GO within the PANI matrix influenced the absorption
properties. A notable absorption peak appeared at a lower energy level, which could be
attributed to electronic transitions within localized states or interactions between the
composite constituents.

SnO: showed a more pronounced band gap reduction than WOs, implying
enhanced electron transport due to stronger interactions between SnO: and the PANI
chains. Conversely, WOs primarily influenced absorption in specific spectral regions,
thereby contributing to the material stability and effectiveness in catalytic and optical
applications. The results indicated that the PANI/GO+SnO: composite exhibited the
lowest band gap, making it a promising candidate for applications requiring efficient light
absorption and charge transport, such as solar cells and photodetectors. In conclusion,
incorporating GO and metal oxides significantly affects the band gap compared to pure
PANI, thereby enhancing light absorption properties. Specifically, the addition of SnO-
leads to a notable reduction in the band gap, improving electron transport, while WOs
tends to increase the band gap slightly in some cases. These structural modifications make
the materials ideal candidates for applications in solar energy, photodetection, and
photocatalysis [29-32]. The Table 1presents the energy gap values for PANI and its
composites with CP.
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Figure 5: The Tauc plots for pure PANI and its nanocomposites.

Table 1: The value of energy gab for PANI and the nanocomposite.

The composite optical band gap energy(eV)
pure PANI 3.20
PANI+1%GO 3.24
PANI+5%GO 3.28
PANI+1%G0O+1%Sn0: 3.18
PANI+1%GO+1%WO0Os;, 3.28
PANI+5%G0O+3%Sn0: 3.12
PANI+5%G0O+3% WO; 3.22

4. Conclusions

This study demonstrates that the optical and electrical properties of PANI can be
effectively tuned by incorporating GO and metal oxides (SnO2, WOs). The addition of
GO alone increased the band gap, from 3.20 eV in pure PANI to 3.24 and 3.28 eV with
higher GO content. This increase may reduce light absorption in the visible region,
potentially limiting its optoelectronic performance if used alone. However, when
combined with SnO., the band gap was significantly reduced (down to 3.12¢V),
enhancing light absorption and charge transport. WOs caused moderate increases in band
gap, contributing more to structural stability and spectral tuning. Among all composites,
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PANI/GO/SnO: showed the most favourable optical characteristics, making it a strong
candidate for energy and photonic applications. The combined effects of GO, SnO-, and
WOs offer a balanced improvement in conductivity, band gap control, and overall
material performance.
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