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Abstract
Objectives: This study investigates physical properties such as structural, opti-
cal, dielectric, and electrical properties of cobaltous chloride (CoCl2)-doped
polyethylene oxide (PEO) Polymer Electrolyte Films for optoelectronic appli-
cations upon 𝛾-irradiation. Method: PEO–CoCl2 films with varying dopant
concentrations were prepared using the solution casting technique. Among
these selected samples were exposed to different doses of 𝛾-irradiation to
induce controlled modifications. Structural properties modifications were ana-
lyzed using X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spec-
troscopy. Optical properties were evaluated using UV–Visible spectroscopy,
while dielectric and electrical properties were studied through dielectric and
AC conductivity measurements. Findings: Structural properties modifications
were analyzed using X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy data with slight shift in 2𝜃 along with slightly decreased
in peak width from 0.307 to 0.049 and reduced crystallinity confirming a
transition toward an amorphous phase along with chain scission and cross-
linking irradiation as a result of 𝛾-irradiation. The incorporation of CoCl2 trans-
formed semicrystalline, PEO into a more amorphous phase due to coordina-
tion between Co2+ ions and polymer chains, which was further enhanced by 𝛾-
irradiation through chain scission and cross-linking. Optical analysis revealed
a significant reduction in the direct band gap reaching 1.30 eV for irradiated
films, indicating improved optical conductivity along with shift in the peak to
red region. Dielectric studies showed increased polarization and reduced relax-
ation time, while AC conductivity results confirmed enhanced charge carrier
mobility. These improvements are attributed to the dissociation of CoCl2 into
mobile ions, facilitating hopping conduction within the polymer matrix. Nov-
elty: This work provides quantitative evidences, the combined effect of CoCl2
doping and 𝛾-irradiation significantly enhances ion transport and electrical per-
formance of PEO-based composites. The developed films demonstrate shows
strong potential for use in flexible electrodes and low-energy optoelectronic
devices.
Keywords: Polymer electrolyte films; Gamma-irradiation; AC conductivity;
optical band gap; dielectric properties
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1 Introduction
Conventional metallic thin films have been widely used as conductive layers due to their high charge transport efficiency
because of their high sensitivity in conductive application (1), (2). However, their inherent rigidity, density and poor mechanical
applicability restricts their usage in flexible and solid-state electrochemical devices. Conversely, polymer electrolytes have
emerged as viable substitute owing to their flexibility, lightweight nature, durability, mechanical stability, easy synthesis and
tunable ionic conductivity (3), (4). Among various fabrication techniques, solution casting remains particularly attractive due to
its simplicity, low cost, multiple devices at a short time, and ability to produce uniform thin films with controlled thickness.

Polyethylene oxide (PEO) is one of the most extensively studied organic host polymers for solid polymer electrolytes due to
its semicrystalline nature, good film forming ability, simple structure, long chain polymer and ability to solvate ionic species
with ether oxygen coordination (5). Nevertheless, its ionic conductivity is often limited by the presence of species of charge
carrier domains, which hinder by segmental energy produced by charge species and ion mobility. To conquer this limitation,
incorporation of transition metal salts such as cobaltous chloride (CoCl2) has been widely explored, as it enhances ionic
transport by increasing the number of charge carriers and support ion–polymer interactions. In supplementary, 𝛾-irradiation
has emerged as an effective non-chemical approach for tailoring in altering polymer structure through chain scission and
cross-linking processes, resulting in increased amorphization, defect formation, and free volume, all of which are favorable
for ion transport (6). Despite these advances, a systematic understanding of the combined influence of metal salt doping and
𝛾-irradiation on the structural evolution and ion transport mechanisms in PEO-based systems remains limited.

In this work, CoCl2-doped PEO films are prepared via solution casting and systematically investigated under different
𝛾-irradiation doses. Structural characterization using X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR) examined shows reduction in crystallinity and significantmodification of polymer–ion coordination.Optical properties,
band gap variations were analyzed using Tauc’s method, while electrical behavior is examined through AC conductivity and
dielectric measurements over a range of frequencies. The results reveal that 𝛾-irradiation induces localized defect states and
structural disorder, which act as hopping sites for charge carriers, thereby facilitating ion migration within the polymer matrix.
Furthermore, the dissociation of CoCl2 into Co2+ and Cl- ions contribute to increased charge carrier density, enhancing the
overall conductivity (7), (8).

Recent studies have road mapped improved physical properties of polymer electrolyte through either metal salt doping or
irradiation technique implied individually. However, the systematic investigation addressing the combined effect of dopant-
induced charge carriers and irradiation-induced amorphization, structural modifications result in a significant improvement
in ionic conductivity, dielectric response, and charge transport dynamics. These findings highlight the essential component
induced defect-engineered, amorphization in optimizing polymer electrolyte performance. In particular the correlation
between irradiation-induced amorphization, localized defect states, enhanced ion hopping conduction has fully established (9).

Overall, this study demonstrates that controlled 𝛾-irradiation is an effective strategy for tuning the structural and electrical
properties of polymer electrolytes.Thedeveloped 𝛾-irradiationCoCl2-doped PEOfilms exhibit strong potential for applications
in solid-state electrochemical systems, flexible energy storage systems, and modernized ion-conducting materials.

2 Methodology

2.1 Materials

Polyethylene oxide (PEO(C2H4O)n, averagemolecularweight 5.6× 106 g/mol,Merck)was used as the host polymer. Cobaltous
chloride (CoCl2, Mw = 237.93 g/mol, SD Fine Ltd.) served as the dopant to introduce mobile ionic species into the polymer
matrix.Methanol (Mw= 32.04 g/mol, SD Fine Ltd.) was used as the solvent. All chemicals were used as received without further
purification.

2.2 Preparation of PEO–CoCl2 Composite Films

PEO–CoCl2 composite films were achieved via the solution casting technique. A calculated amount of PEO 4g was dissolved in
methanol 25ml under continuous magnetic stirring at room temperature 40C until a clear and homogeneous viscous solution
was obtained. Subsequently, CoCl2 was added in predetermined weight percentages (e.g., 10 wt%, i.e, 0.4gm) and stirred for 20
hours, ensuring complete disintegration and uniform dispersion.

The resulting solution was cast onto clean, leveled glass Petri dishes and allowed to evaporate slowly under ambient
conditions.The dried films were further kept under vacuum/desiccation to remove residual solvent.The obtained free-standing
films were carefully peeled off and stored in airtight conditions for further characterization.
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2.3 Gamma-Irradiation
The prepared PEO–CoCl2 films were subjected to 𝛾-irradiation at different doses (e.g., 25 and 50 kGy) using a standard gamma
radiation source. Irradiation was carried out under controlled conditions at room temperature. Both irradiated and pristine
samples were preserved for comparative analysis to evaluate irradiation-induced modifications.

2.4 Characterization Techniques
The structural properties of the films were examined using X-ray diffraction (XRD) to assess crystallinity, phase transitions,
and crystallite size. Fourier transform infrared (FTIR) spectroscopy was employed to identify functional groups and investigate
polymer–ion interactions.

Optical properties were analyzed using UV–Visible spectroscopy in the wavelength range of 200–800 nm. The absorption
coefficient was calculated, and the optical band gapwas determined using Tauc’s relation. Activation energy was evaluated using
Arrhenius analysis.

Electrical and dielectric properties were studied using impedance spectroscopy over a wide frequency range. AC
conductivity, dielectric constant (𝜀′), and dielectric loss (𝜀″) were calculated. Nyquist plots were used to determine bulk
resistance and to elucidate charge transport mechanisms within the polymer electrolyte films.

3 Results and Discussion

3.1 X-ray Diffraction (XRD) Analysis
The structural evolution of pure PEO and CoCl2-doped PEO films, before and after 𝛾-irradiation, was analyzed using XRD
(Figure 1). Pristine PEO exhibits sharp diffraction peaks, confirming its semicrystalline nature (10). Upon CoCl2 doping, a
reduction in peak intensity is observed, indicating disruption of crystalline regions due to polymer–salt interactions and
coordination between Co2+ ions and ether oxygen groups (11).

Fig 1. X-ray diffraction (XRD) patterns of pure PEO and CoCl2-doped PEO films before and after 𝛾-irradiation.

Gamma-irradiation leads to a further decrease in peak intensity and noticeable peak broadening, indicating enhanced
amorphization. This is attributed to chain scission and cross-linking processes that increase structural disorder and reduce
long-range order (12).The resulting increase in amorphous content promotes segmental chainmobility, facilitating ion transport.

The broadened peaks in irradiated films suggest reduced crystallite size and increased microstrain, consistent with Scherrer
analysis. Increased full width at half maximum (FWHM) values further support the formation of smaller crystallites and
structural defects. Additionally, the structural transition from the monoclinic phase of pure PEO to a more disordered phase
confirms the formation of polymer–salt complexes (13).

𝑑 = 𝜆
2𝑠𝑖𝑛𝜃 (1)

Using Scherer formula equation 2, average crystallite size is calculated,

𝐿 = 𝑘𝜆
𝛽𝑐𝑜𝑠𝜃 (2)
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Structural parameters inter-crystallite separation (R) is calculated using equation 3,

𝑅 = 5𝜆
8𝑠𝑖𝑛𝜃 (3)

Average lattice parameter is calculated using equation 4,

𝑃 = 𝜆
2
√

𝑘 (4)

where 𝜆 = 1.5 × 10−10 m, k=0.9 and 𝛽 is the full width at half maximum (FWHM). The XRD parameters for samples with
varying weight percentages of CoCl2 dopant are shown in Table 1.

Table 1. Structural parameters obtained from XRD analysis, including 2𝜃, d-spacing, crystallite size (L), inter-crystallite separation (R),
lattice parameter (P), and FWHM for pure and CoCl2-doped PEO films under different 𝛾-irradiation doses.

Sample 2𝜃 degree d- =
𝜆

2𝑠𝑖𝑛𝜃A0m
FWHM 𝐿 =

𝑘𝜆
𝛽𝑐𝑜𝑠𝜃nm

𝑅 =
5𝜆

8𝑠𝑖𝑛𝜃A0m
𝑃 =

𝜆
2

√
𝑘A0m

Pure PEO 13.46
19.10 23.19

36.21

6.57
4.64
3.83
2.48

0.127
0.204
0.127

0.307

1.07-1.10 7.99
5.65
4.66
3.01

7.0-9.33

10%
Before

13.44
19.09
23.18

36.16

6.58
4.64
3.83
2.48

0.09
0.204
0.127

0.307

1.07-1.12 8.01
5.65
4.66
3.02

6.75-9.33

10%
25KGy

13.50
19.23
23.34

36.31

6.55
4.61
3.81
2.47

0.001
0.123
0.103

0.158

1.07-1.09 7.97
5.61
4.63
3.00

9.2-11.35

10%
50KGy

13.65
19.24
23.34

36.34

6.48
4.61
3.81
2.47

0.208
0.144
0.103

0.049

1.07-1.09 7.88
5.60
4.63
3.00

7.02

3.2 Fourier Transform Infrared (FTIR) Spectroscopy

The structural modifications in pure PEO and CoCl2-doped PEO films before and after 𝛾-irradiation were analyzed using
FTIR spectroscopy (Figure 2). The spectrum of pristine PEO shows characteristic bands corresponding to C–H wagging, CH2
symmetric and asymmetric stretching, and C–C stretching, confirming its semicrystalline structure (14).

Upon CoCl2 doping and 𝛾-irradiation, noticeable shifts, intensity changes, and peak broadening are observed, indicating
significant alterations in the polymer matrix. The O–H stretching band becomes broader and less intense after irradiation,
suggesting disruption of hydrogen bonding and modification of the local chemical environment (3). A broad absorption band
in the 3300–2300 cm-1 region is attributed to overlapping O–H and C–H vibrations, while features around 2700–2800 cm-1.

Additionally, changes in the fingerprint region confirm the formation of Co–O and Co–Cl bonds, evidencing coordination
between Co2+ ions and the polymer backbone (15). Increasing 𝛾-irradiation dose further enhances peak broadening and
reduces intensity, indicating increased amorphization and bond reorganization. These spectral changes support the formation
of polymer–salt complexes and increased structural disorder, which facilitate ionic transport.

3.3 UV–Visible Spectroscopy

TheUV–Visible absorption spectra of pure andCoCl2-dopedPEOfilms before and after𝛾-irradiation are shown in Figure 3.The
doped films exhibit a broad absorption band in the 600–700 nm region, attributed to d–d transitions of Co2+ ions, confirming
Co–O coordination within the polymer matrix (16).

Following 𝛾-irradiation, additional absorption features appear around 437 nm, corresponding to n→𝜎* and 𝜎→𝜎*
transitions, indicating irradiation-induced chain scission and formation of localized states (17). The presence of unsaturated
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Fig 2. FTIR spectra of pure and CoCl2-doped PEO films before and after 𝛾-irradiation.

bonds (C=C and C≡C) further contributes to n→𝜎* and 𝜋→𝜋* transitions.These spectral changes reflect increased structural
disorder and defect formation. Overall, 𝛾-irradiation enhances optical absorption and reduces transmittance, suggesting
improved optical conductivity and stronger light–matter interaction in the doped films.

Fig 3.UV–Visible absorption spectra of pure and CoCl2-doped PEO films before and after 𝛾-irradiation.

The absorption coefficient (𝛼) was calculated using Eq. (5),

𝛼 = 2.303∗𝐴
𝑡 (5)

and the optical band gap was determined using Tauc’s relation (Eq. 6)

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 −𝐸𝑔)𝑛 (6)

The direct band gap (n = 2) and indirect band gap values are illustrated in Figs. 4, respectively.
For pure PEO, the direct band gap decreases from 4.05eV to �2.0eV after 𝛾-irradiation, indicating increased structural

disorder. In CoCl2-doped films, the band gap further reduces to 1.68eV and reaches a minimum of 1.30eV at 25kGy, reflecting
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Fig 4. Variation of direct and indirect band gap energy for pure and CoCl2-doped PEO films under different 𝛾-irradiation doses.

enhanced defect formation and reduced energy required for electronic transitions. A similar decreasing trend is observed for
the indirect band gap, confirming the formation of localized states within the band structure (18).

The extinction coefficient and refractive index were calculated using Eqs. (7) and (8),

Extinction Coefficient, 𝑘 = 𝛼𝜆
4𝜋 (7)

Refractive index, 𝑛 = √(1+𝑅)2 −𝑘2

(1−𝑅)2 +𝑘2
(8)

respectively, and the variation in refractive index with irradiation dose is shown in Figure 5. An increase in refractive index
indicates enhanced optical density and stronger photon–material interaction, which is beneficial for optoelectronic applications.

Arrhenius analysis was used to estimate activation energy for charge transport (19). Robertson’s relation indicates an increase
in carbon cluster parameters with irradiation dose, reflecting structural disorder. These changes enhance optical conductivity
and dielectric performance, as summarized in Table 2.
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Fig 5. Refractive index variation with 𝛾-irradiation dose for CoCl2-doped PEO films.

Table 2.Optical parameters of pure and CoCl2-doped PEO films under different 𝛾-irradiation doses.
Samples Absorption Coefficient

(eV)
Extinction Coefficient

(10-5)
Direct Band Gap

(eV)
Indirect Band Gap

(eV)
Refractive

index
Pure PEO 2.27 11.07 4.05 2.99 2.33

10%
Before

3.36 3.41 1.78 2.00 4.00

10%
25KGy

2.53 1.53 1.30 1.70 3.97

10%
50KGy

2.07 0.468 1.18 1.51 3.12

3.4 Electrical and Dielectric Analysis

AC conductivity studies were performed to investigate the charge transport behavior and dielectric response of the prepared
films. Impedance spectroscopywas used to evaluate the dielectric constant, dielectric loss, and bulk resistance.TheNyquist plots
(Fig.6), representing real (Zr) versus imaginary (Zi) impedance, provide insight into the resistive and capacitive characteristics
of the system (20). The zigzag nature of the Nyquist plot for pure PEO is due to its very high bulk resistance and extremely low
ionic conductivity, whichmake the impedancemeasurementsmore susceptible to electrical noise and instrumental fluctuations.
UponCoCl2 doping and gamma irradiation (25 and 50 kGy), the ionic conductivity increases significantly, resulting in smoother
and well-defined Nyquist plots.

The bulk resistance (Rb), obtained from the intercept on the real axis, decreases significantly upon CoCl2 doping and shows
further variation with 𝛾-irradiation, as summarized in Table ??. This reduction indicates enhanced ionic conductivity due
to increased charge carrier density and improved mobility. Additionally, the decrease in interfacial resistance suggests the
formation of more efficient conduction pathways within the polymer matrix (21).

The frequency dependence of the dielectric constant (𝜀′), calculated using Eq. (9),

𝜀𝑟 = 𝑍𝑖
2𝑓𝐶𝑜𝑍2 (9)

is shown in Figure 7.
The dielectric constant exhibits higher values at low frequencies (102–103 Hz), attributed to space charge polarization

(Maxwell–Wagner–Sillars effect) (22), where charge carriers accumulate at interfaces in the heterogeneous system. As the
frequency increases, 𝜀′ decreases due to the inability of dipoles to follow the rapidly alternating electric field. The increase
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Fig 6.Nyquist plots of 10 wt% CoCl2-doped PEO films at 25 kGy and 50 kGy 𝛾-irradiation doses.

Fig 7. Frequency-dependent dielectric constant (𝜀′) and Dielectric loss (𝜀″) of 10 wt% CoCl2-doped PEO films under 𝛾-irradiation at 25
kGy and 50 kGy.

in 𝜀′ with CoCl2 doping is associated with enhanced polarization resulting from metal ion–polymer interactions and defect
formation. Further enhancement in 𝜀′ upon 𝛾-irradiation is attributed to chain scission, increased defect density, and formation
of carbon clusters, leading to higher dipolar activity (23), (24). Gamma irradiation creates localized defect states through chain
scission, partial cross-linking, and the formation of carbon-rich clusters, thereby reducing the optical band gap. The XRD and
FTIR results confirm that the polymer matrix remains structurally intact, indicating that the observed band gap reduction is
attributed to irradiation-induced structural modifications.

The dielectric loss calculated using equation (10),

𝜀𝑖 = 𝑍𝑟
2𝑓𝐶𝑜𝑍2 (10)

The dielectric loss (𝜀″), shown in Figure 7, is higher at low frequencies due to electrode polarization and charge carrier motion,
and decreases at higher frequencies, indicating reduced energy dissipation. CoCl2 doping enhances polarization through ion–
polymer interactions, while 𝛾-irradiation introduces defects and localized states that facilitate hopping conduction. These
combined effects increase charge carrier mobility, improve dielectric response, and enhance overall electrical conductivity,
confirming the suitability of CoCl2-doped PEO films for flexible electrode and energy storage applications.
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4 Conclusion
This study demonstrates a synergistic approach combining CoCl2 doping and 𝛾-irradiation to PEO for tailor the structural,
optical, and electrical properties of PEO-based flexible films. Structural analyses (XRD and FTIR) inspects a transition from
semicrystalline to amorphous phases, along with bond modifications such as d-spacing decreases to 6.48A0, FWHM reduces
from 0.204 to 0.144, FTIR confirming amorphization in irradiated films and the formation of polymer–salt complexes (Co–
O and Co–Cl) induced by chain scission and defect generation. Optical studies reveal a significant reduction in band gap
(down to 1.30 eV) along with red shifted absorption, indicating enhanced electronic transitions and improved optical response.
Electrical measurements show increased AC conductivity (�10- S cm-1), higher dielectric constant, and reduced bulk resistance,
confirming improved charge carrier mobility and polarization behavior. Nyquist analysis supports improved charge transport
behavior through reduced impedance and conducts mechanism.

These enhancements are attributed to irradiation-induced defects and increased structural disorder, which facilitate hopping
conduction within the polymer matrix. Overall, the results highlight 𝛾-irradiation as an effective strategy for tuning polymer
electrolyte properties.

Thus, this work is achieved in establishing a quantitively correlation between 𝛾-irradiation flexible films for low-power
electronics, radiation tolerant optoelectronic devices, polymer sensors. The developed 𝛾-irradiated CoCl2-doped PEO films
exhibit promising performance for applications in flexible electrodes, energy storage devices, and optoelectronic systems,
particularly in radiation-prone environments. The future work focus on varied dopant concentration with 𝛾-irradiation dose,
thin film to maximize conductivity, advance the practical implementation of these to next generation electronic gadgets.
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