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Abstract

Chitosan/polyaniline (Cs/PANI) biopolymer electrolyte films were prepared by the
solution casting method to investigate the influence of the oxidant-to-monomer ratio
during PANI synthesis on their structural, optical, thermal, morphological, and electrical
properties. Fourier transform infrared spectroscopy (FTIR) confirmed the interaction
between Cs and PANI through characteristic shifts in the absorption bands, indicating
enhanced intermolecular interactions. UV-vis. Analysis revealed that increasing the
oxidant ratio reduced the optical band gap from 2 to 1.8 eV, while electrical
measurements demonstrated an improvement in ionic conductivity from 8.47x107 to
1.06 x102S. cm™'. Scanning electron microscopy (SEM) revealed a more homogeneous
distribution of PANI within the Cs matrix, with reduced particle agglomeration. In
contrast, differential scanning calorimetry (DSC) indicated enhanced thermal stability
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and improved polymer chain mobility. These results demonstrate that optimizing the
oxidant ratio is an effective approach for enhancing the structural organization, charge
transport, and thermal performance of Cs/PANI biopolymer electrolytes, highlighting
their potential for solid-state energy storage and flexible electronic applications.
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1. Introduction

Recently, solid blend electrolytes (SBEs) have attracted great interest, as they can be
used in energy storage technologies. These materials are regarded as favorable competitors in
the fabrication of advanced energy storage devices, as they have the best chemical, thermal,
and mechanical properties. Moreover, they are critical for increasing ionic conductivity
because they retain water effectively and can be applied to high-performance applications [1].
SBEs can improve performance through polymer blending, cross-linking enhancement, and the
addition of dopants, inorganic fillers, or plasticizers, using a multiplicity of strategies. SBEs
have naturally low ionic conductivity and wettability, which is inadequate in certain cases and
can be improved with plasticizers or liquid solvents. Nonetheless, the addition can decrease
mechanical stability and pose the same safety issues as liquid electrolytes, e.g., leakage and
flammability risks [2].

Polymer blending, however, offers a promising solution, as it can combine the
complementary properties of various polymers, thereby improving electrochemical and
mechanical performance. They have also attracted growing interest because of their unique
physicochemical and optical properties, making them a promising area of research [3]. They
are the best and most practical of these methods. It is a hybrid (chemical or physical) procedure
of combining two or more polymers. In general, using blended polymers is preferable to
individual components, and they can be used in industrial and commercial settings as well. The
approach enhances mechanical stability, ionic conductivity, and mechanical strength [4].

A widely used natural polymer, which is a derivative of chitin, is chitosan (Cs), which
is a linear polysaccharide polymer that contains a large percentage of N-acetyl groups. Its
structural and electrical characteristics may be readily adjusted because chitosan can be
subjected to numerous physicochemical manipulations, e.g., mechanochemical treatment,
plasma-induced amorphization, or copolymerization [5]. Chitosan is considered the second-
most-abundant polymer after cellulose due to its optical, thermal, and mechanical properties
[6]. It is an electrical insulator; its structure must be altered to increase its electrical and ionic
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conductivity. It is a natural polymer that possesses very good biological properties, as it is
biocompatible and biodegradable. It is soluble in dilute acids and is renewable [7].

Biopolymer electrolytes have also been gaining momentum in recent years because they
have the potential to be used in biocompatible, environmentally friendly energy-storage
devices. Such materials are a potential alternative to traditional electrolytes, as they do not
contain toxic elements, are biodegradable, and are environmentally friendly [8]. An important
point in the development of new electroactive conducting polymers is critical. Electroactive
conducting polymers have received much interest over the past decades owing to their
numerous potential applications. One of them is polyaniline (PANI), with its high electrical
conductivity, environmental stability, low density, ease of synthesis and processing, and cost-
effectiveness. It has been successfully used in battery recharging, including zinc-based and
Lithium-lon Batteries (LIBs) [9]. The reason that conductive polymers are highly researched
is due to their ease of synthesis, high conductivity, chemical stability, affordability, and unusual
electrochemical redox characteristics [10]. The ionic conductivity of a nonplasticized polymer
electrolyte is lower when excessive salt results in the formation of ion pairs and cross-linking,
which hinder the movement of the polymer chain on a segmental scale [11].

The objective of the work is to study the impact of the oxidant ratio (APS, (NH4)2S20s)
on the structural, optical, thermal, and electrical properties of PANI blends with chitosan, and
to optimize its application as a biopolymer electrolyte for smart-material and energy-related
applications.

2. Experimental Part
2.1. Materials

Chitosan (medium molecular weight, viscosity 300—-1000 cps, >98% purity, Glentham
Life Sciences, UK), aniline (> 99.5%, Sigma-Aldrich), and ammonium persulfate (APS,
(NHa4)2S20%, > 98%, Sigma-Aldrich) were used as received. The average molecular weight of
chitosan was approximately 1,250,000 Da. All glassware and instruments were thoroughly
cleaned and dried before use. PANI was synthesized via chemical oxidative polymerization of
aniline monomer using oxidants like ammonium persulfate (APS, (NH4)2S20s). Two batches
of PANI (M1 and M2) were prepared by varying the amount of ammonium persulfate and
monomer aniline, as shown in Table 1. The specified amounts of ammonium persulfate and the
monomer aniline were separately dissolved in 50 mL of distilled water with constant stirring
using a magnetic stirrer at 300 rpm at room temperature (25 = 1 °C) for 2 hrs for the ammonium
persulfate solution and 1 hour for the aniline solution.

The monomer solution was dropwise introduced to the oxidant solution in an ice bath
(to ensure that the temperature stayed at 0-5 °C,) to initiate the polymerization process, with
constant stirring with a magnetic stirrer. The color of the mixture changed to dark green,
indicating the formation of PANI. The polymerization took about 4 hours to elute full reaction.
The mixture was allowed to settle for 30 minutes, and the polymer obtained was filtered and
thoroughly washed with distilled water. The PANI obtained was dried in an oven at 40 °C for
4 hours and subsequently ground to a fine powder. The aniline polymerization reaction had the
chemical equation shown in Fig. 1.

NH>
(NH,4)>S>05

NH

g

Figure 1: Polymerization reaction of PANI.

55



Iragi Journal of Physics, 2026 Vol.24No.3, PP.54-64

Table 1: Composition of the prepared samples (M1 and M2).
Ammonium persulfate + distilled water | Monomer aniline + distilled water

M1 259+50mL 1mL +50mL
M2 49+50mL 2mL +50 mL

2.2. Blend Preparation

To prepare the Cs:PANI blend, first, 1 g of chitosan was dissolved in 60 mL of 1%
acetic acid (60 mL). The mixture was magnetically stirred for 5 hours to allow chitosan to fully
dissolve, yielding a clear, homogeneous solution. 0.1 g of PANI (M1 and M2) was separately
dissolved in 5 mL of dimethyl sulfoxide (DMSO) until complete dissolution was attained. Both
PANI solutions (M1 and M2) were subsequently added dropwise to the chitosan solution under
continuous stirring for 8 hours to ensure that the polymer-polymer mixture was well mixed and
interacted appropriately. These blends were labelled R1 and R2, corresponding to the PANI
that was prepared using M1 and M2, respectively. Table 2 summarizes the compositions of the
prepared blends.

Table 2: The composition of (R1&R2) blend.
Samples | Cs + Acetic Acid | PANI + DMSO

R1 1g+60mL 0.1g M1+5mL

R2 1g+60mL 0.1g M2+5mL

3. Results and Discussion
3.1. FTIR Results

The FTIR analysis was used in the study of the intermolecular interactions between Cs
and PANI in the prepared Cs:PANI blends (R1 and R2). The obtained FTIR spectra are
depicted in Fig. 2, with the key absorption bands and their assignments listed in Table 3. Both
spectra showed typical absorption peaks related to the Cs molecular backbone, besides a few
other bands related to PANI. The extensive absorption band at about 3400 cm™ in the two
samples was attributed to the OH stretching bands of the hydroxy!l group of chitosan. This peak
was wider and slightly displaced in sample R2, indicating a higher degree of hydrogen bonding
and greater molecular organization. Both spectra also showed a CH or C-H stretching region
at 2800-3000 cm®, which is an aliphatic vibration of the polymer chains [12].

A number of variations in the amide and fingerprint area between R1 and R2 were
noted. For R1, the amide | peak at 1654.96 shifted to 1642.65 cm™ in R2, indicating
modification to the environment of the amide and hydrogen bonding. On the same note, the
bending vibration of NH, of R1 moved to 1568.83 and to 1573.75 cm™* for R2, which means
that interactions between chains in the latter are stronger. Both R1 and R2 showed CH> bending
modes at 1408.89 and 1413.81 cm™?, respectively, with slight structural conformation variation.

Amide 111, associated with amide 111 vibrations, was at 1312.92 and 1317.84 cm™ for
R1 and R2, respectively, proving a more compact and ordered polymeric network in R2. The
C=0 stretch peak resonance was fixed at 1150.51 cm™. The C-O-C peak was at 953.66 cm™ in
both samples, indicating the presence of ether links [13]. Minor changes were noted in the
lower-frequency region: the 705.13 cm™ band in R1 changed to 707.59 cm™ in R2, and the C-
H bending vibration marginally shifted between 616.54 cm™ (R1) and 614.08 cm™ (R2). The
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peak at 486.12 cm™ for R1 appeared at 513.19 cm™ for R2, indicating slight structural
rearrangements and stronger molecular interactions in the R2 blend [14]. In general, the
recorded changes in FTIR peaks (especially in amide | and NH2 peaks) indicate increased
strength of hydrogen bonding and larger-scale arrangement of the molecules in R2, which
directly accounts for the high ionic conductivity.
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Figure 2: FTIR spectra of the Cs:PANI blend samples (R1 and R2).

Table 3: Primary FTIR absorption characteristics and assignments of R1 and R2.

Vibration Mode R1 (cm™) R2 (cm™) Assignment / Description
O-H Stretching 3400 3402 Hydroxyl group vibrations in Cs
C—H Stretching 2850-2950 | 2850-2950 Aliphatic C-H vibrations
Amide | (C=0) 1654.96 1642.65 Carbonyl stretching of amide bond

NH. Bending 1568.83 | 157375 | N H be”diir;%érgﬁg’r?:” bonding
CH: Bending 1408.89 1413.81 C—H bending vibration
Amide 111 131292 | 1317.84 | CN Stretc“";)gerfgi‘:%'e‘j with N-H
C=0 Stretching 1150.51 1150.51 Carbonyl stretching
C-O-C Stretching 953.66 953.66 Ether linkages
C—H Bending 616.54 614.08 Aromatic ring vibration
Low-Frequency Band 486.12 513.19 Structural deformation mode

3.2. UV-Visible Spectroscopy
Figs. 3 and 4 show the UV-Visible spectra of Cs:PANI blend films (R1 and R2),

respectively. Both samples have extended absorption bands in the visible and ultraviolet
regions, and this demonstrates that polyaniline has numerous electronic transitions linked to

the conjugated n-system.
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In sample R1, the absorption strength is not very strong in the visible range, but it rises
drastically at around 900 nm, which is associated with the 900 nm n—n* transitions amongst
the benzenoid rings within PANI. R2, in contrast, has stronger and extended absorption in the
700-800 nm range, a fact attributed to n- «* transitions associated with the quinoid structure.
This implies that there is increased conjugation and delocalization of the electrons in R2
because of the improved distribution of PANI and increased strength of the molecular
interactions in the film. Both samples have significantly extended absorption bands with higher
absorption, which ensures multiple electronic transitions. The observed intense visible
absorption suggests that the blends have a semiconducting nature as well as typical coloration
due to their m-conjugated structure [15]. The Tauc approach, valid for amorphous and
conjugated polymer systems, was used to evaluate the optical band gap (Eg) of the samples.
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Figure 3: UV-visible spectra of sample R1 (Cs: PANI).

Fig. 4 represents the UV-visible absorption spectrum of the R2 blend samples as a
function of wavelength. The absorbance generally increased with increasing wavelength,
reaching its highest value near 900 nm. Several minor spectral features were also observed
between approximately 200 and 750 nm, which may be associated with electronic transitions
and variations in the conjugated structure of the Cs:PANI blend. The broad increase in
absorption toward the near-infrared region may indicate enhanced electronic delocalization and
stronger interactions between the polymer chains. However, assigning individual absorption
features to specific electronic transitions requires additional spectroscopic evidence. The Tauc
method can be used to determine the optical band gap of polymeric and hybrid materials, where
the absorption edge is obtained directly from the wavelength at which the absorption increases
sharply [16, 17]. Tauc plot is another method to determine the energy band gap (Eg). The plot
is drawn according to Eq. (1) [18]:

ohv = A (hv —Eg)" (D
where h is Planck’s constant, v is the photon's frequency, a is the absorption coefficient, n is an

exponent determined by the nature of the electronic transition, and A is a proportionality
constant [19].
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Energy gap values for R1 and R2, determined from Tauc plots, are shown in Fig. 5 a and
b and Table 4. The optical band gap values changed from 2.0 eV for R1 to 1.8 eV for R2,
demonstrating that the reagent proportions used during PANI synthesis influenced the
electronic structure of the blends. The lower band gap of R2 may facilitate charge transport;
however, the present measurements alone do not establish a direct causal relationship between
band-gap reduction and conductivity.
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Figure 4: UV-visible spectra of blend sample R2 (Cs: PANI).
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Figure 5: Tauc plots of (ahv)? vs. photon energy (hv) for (a) Rland (b) R2.

Table 4: Optical band gap of R1 and R2.

Samples A onset (nm) Eq (eV)
R1 700 2.0
R2 900 1.8
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3.3. AC Conductivity
The electrical conductivity (c) was calculated using Eq. (2):

L
0= RpXA (2)

where L is the thickness of the film =1.5 mm, Ry is the impedance of the sample, and A is the
mean area of the electrodes = 1.77 cm? [20]. Fig. 6 illustrates the impedance behavior of the
Cs:PANI blend samples (R1 and R2), and Table 5 summarizes the electrical conductivity
values calculated for both samples. Sample R2 exhibited a lower bulk resistance (Zr) value than
R1. Because conductivity is inversely proportional to Ry, R2 showed higher electrical
conductivity under the stated measurement conditions.

Using Eq. 2, the conductivities are 8.47x 107 and 1.06x 102 S cm™, respectively. The
lower resistance and higher conductivity of R2 indicate improved charge transport, which may
be associated with more effective PANI dispersion and contact between the two polymeric
phases [21,22].
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Figure 6: Relationship between resistance (Zr) and impedance (Z;) for (Cs: PANI) blend R1 and
R2.

Table 5: Electrical conductivity of Cs:PANI blend samples (R1 and R2).
Sample Ry () Conductivity (S. em™)
R1 10 8.47x10°3
R2 8 1.06 x107?

3.4. Scanning Electron Microscope (SEM)

Fig. 7 (a and b) shows the scanning electron microscope (SEM) micrographs of the
Cs:PANI blend samples R1 and R2 at 10,000x magnification. Sample R1 exhibited a
heterogeneous and coarse surface morphology, with large, irregular agglomerates distributed
throughout the matrix. In contrast, R2 showed smaller and more uniformly dispersed features,
with apparent sizes ranging from 80 to 120 nm, compared with approximately 150-250 nm for
R1. The finer and more homogeneous morphology of R2 may indicate improved PANI
dispersion and enhanced interfacial interaction between Cs and PANI [23]. However, the bright
and dark regions observed in the SEM micrographs cannot be conclusively assigned to specific
phases without compositional analysis, such as energy-dispersive X-ray spectroscopy (EDS)
mapping.
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SEM HV: 20.0 kV Det: SE NanoLAB-MOST| SEM HV: 20.0 kV Det: SE

SEM MAG: 10.0 kx |Date(m/d/y): 03/05/25‘ 5pm SEM MAG: 10.0 kx Date(m/d/y): 03/05/25 | 5 pm

Figure 7: SEM images of Cs:PANI blends at 10kx magnification: (a) R1 and (b) R2.

3.5. Differential Scanning Calorimetry (DSC) Analysis
Differential Scanning Calorimetry (DSC) analysis was performed under a nitrogen (N2)
atmosphere to limit oxidation during analysis. The thermal parameters, such as the glass
transition temperature (Tg), melting temperature (Tm), and decomposition temperature (Tq),
were determined from duplicate thermograms with estimated uncertainties of 1-2 °C. Sample
R1 (Fig. 8a) showed the first endothermic transition, Tg at about 101.65 °C, where chitosan
chains relax and absorbed or weakly bound water is lost. The second change occurred at 168.8
°C, the Tm, which is probably related to the partial melting or the rearrangement of the PANI
constituent. The third thermal event at 258.57 °C is an exothermic peak in the decomposition
corresponding to Tg, an indicator of polymer degradation and potential crosslinking in the
blend. Fig. 8b shows the thermal behavior of sample R2. Compared withR1, Sample R2
exhibited lower thermal transition temperatures, with Ty decreasing from 101.65 to 90.80 C
and Tm decreasing from 168.80 t0154.34 °C. These reductions may indicate increased polymer-
chain mobility and decreased intermolecular constraints resulting from the higher oxidant-to-
monomer ratio during PANI synthesis. In contrast, the decomposition temperature Tq increased
from 258.57 °C for R1 to approximately 275.45 °C for R2, indicating improved thermal
stability. This improvement may be associated with stronger interfacial interactions and
structural arrangement within the cs: PANI [24].
Overall, R2 exhibited higher thermal stability and higher electrical conductivity than
R1, together with lower Tg and Tm values. Table 6 represents a quantitative comparison of the
two samples.

(b)
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Figure 8: DSC analysis of Cs:PANI blends for (a) R1 and (b) R2.
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Table 6: Quantitative comparison between R1 and R2.

Property R1 R2
Band gap (Eg) eV 2.0 1.8
Electrical conductivity (S.cm™) | 8.47x 10 | 1.06x 102
Glass transition temperature (T, °C) 101.65 90.8
Melting temperature (T, °C) 168.8 154.34
Decomposition temperature (Tqg, °C) 258.57 275.45

4. Conclusions

Cs/PANI biopolymer electrolyte films were prepared by the solution casting method
using PANI synthesized with different oxidant and monomer properties. The preparation
conditions influenced the structural, optical, thermal, morphological, and electrical properties
of the blends. FTIR and SEM analyses indicated intermolecular interactions and improved
PANI dispersion in R2. Compared with R1, R2 exhibits a lower optical band gap, lower bulk
resistance, higher calculated electrical conductivity, and higher decomposition temperature.
These findings show that controlling the reagent proportions during PANI synthesis is an
effective strategy for tuning the charge transport and thermal properties of Cs/PANI blends for
potential flexible electronic and solid-state energy-related applications.
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