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Editor’s note: Polyethylene oxide (PEO) films are characterized by their semi-crystalline structure,
which imparts several important properties, including hydrophilicity, chemical stability, solubility
in alcohols, and flexibility. However, the absence of charge carriers limits their application in
various fields. Enhancing the conductivity of these films could lead to advancements in next-
generation photonic devices, solar cells, optoelectronics, and sensors. Roopa K. V. and Subramanya
K. investigated the doping of PEO films with cobaltous chloride (CoCl.) at various concentrations.
Their findings indicated that the interaction between Co?" ions and the ether groups of PEO results
in the formation of metal-ligand coordination bonds within the doped PEO films. This interaction
significantly enhances the electrical conductivity and ion mobility of the CoCl.-doped PEO films
and results in a redshift in the absorption edge of these films.
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Abstract

Highly porous polymer films were synthesized using the solution casting technique by doping polyethylene oxide
(PEO), a semi-crystalline polymer known for its good film-forming ability, chemical stability, ionic conductivity, and
optical properties, with varying concentrations of cobaltous chloride (CoClz) (0, 5, 10, 15, and 20 wt%). CoClz, a
transition metal halide containing Co?" ions, is known for its tunable optical absorption, enhanced electrical
conductivity, and strong coordination behavior, making it suitable for improving the performance of polymer
matrices. X-ray Diffraction analysis revealed a gradual reduction in crystallinity with increased CoCl. content,
indicating structural disruption and confirming (120) and (032) planes as per JCPDS standards. Fourier transform
infrared (FTIR) spectra showed interactions between Co?* ions and PEO ether groups, suggesting the formation of
metal-ligand coordination bonds. UV-Visible spectroscopy exhibited a redshift in the absorption edge, and Tauc’s
plots revealed decreasing direct and indirect band gaps. The extinction coefficient increased significantly (from 1x10*
to 6.7x10%), indicating enhanced light absorption and suitability for UV photodetector applications. AC conductivity
increased with doping due to enhanced ion mobility, while Nyquist plots confirmed reduced bulk resistance and
improved ion transport through hopping mechanisms. The 20 wt% CoCl>-doped film exhibited a bulk resistance of
just 33 Q, indicating potential semiconductor or ionic conductor behavior. SEM images confirmed increased surface
porosity and morphological changes, consistent with the semi-crystalline nature of the films. These findings suggest
that CoCl.-doped PEO films are promising candidates for flexible electronics, optoelectronic devices, sensors, and
solid polymer electrolytes in energy storage applications.

Keywords: Polyethylene oxide; Inorganic metal salt; Polymer composite film; Energy band gap; FTIR; AC Conductivity.

1. Introduction weightlessness, processing ease, and chemical tunability.
They are widely used in household products, adhesives,
medical, and pharmaceutical industries. Properties such
as non-toxicity, porosity behavior, flexibility, and
solubility in desired solvents make them particularly
suitable for functional applications. Furthermore, their

Polymers have  established themselves as
unbelievable and non-replaceable across diverse fields
due to their physical flexibility, low price,
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covalent backbone allows polymers to interact with
dopants and fillers effectively, enabling structural and
functional modifications for specific performance
requirements [1].

Among many polymers, polyethylene oxide (PEO) is
suitable for flexible photonic applications for its
chemical structure, covalent bond at the backbone, its
semi-crystalline nature, hydrophilicity, chemical
stability, solubility in alcoholic groups, and flexibility
[2]. Although PEO is electrically not capable of
conducting alone, it lacks charge carriers for performing
strong optical, electrical responses in advanced
applications such as solar cells, optoelectronics [3].
Further development of polymer and combined
constituent materials, various strategies have been
found. Among these, doping, adding a small portion of
metal salts to the main polymer structure, enhances
optical, electrical properties. This occurs due to a
modification in microlevel structure, which is not much
explored in the present era. The ability to solubilize a
range of inorganic salts makes it highly adaptable for
material blending and conductivity enhancement [4].

To overcome the intrinsic limitations of PEO for
electronic applications doped with transition metal salts.
Cobaltous chloride (CoCl:), a pink crystalline salt, a
transition metal halide containing Co?" ions, due to
partially filled d-orbitals, exhibits optical absorption.
Modification in structure forming tetrahedral or
octahedral complexes is one such candidate known for
its conductive properties, transition metal activity, and
coordination behavior. CoCl. dissolves in alcohol also
chemically stable, exhibiting partially filled d orbit with
stability, and is easy to incorporate into polymer
structures [5]. When integrated with PEO, CoCl: can act
as a donor species, modifying the charge distribution,
enhancing free carrier density, and improving both
structural and electrical performance of the polymer
system [3].

Dopant significantly influences the overall work
frame of the application chosen and helps in tuning of
microstructure property, leading to UV-Vis absorbance,
XRD, FTIR, electrical property, and scanning electron
microscopy (SEM), leading to the formation of
polycrystalline domains that are advantageous for
charge transport and mechanical strength. There is no
such work framework accessing inter-connected
research work accessing with dopant CoCl. induced
with PEO. There exists a narrow gap correlating with
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multifunctional characteristic  studies,

properties [6].

enhancing

To address the above research gap present study
reports on the fabrication and characterization of PEO-
CoCl. films via the solution cast technique, a low-cost,
durable method. This 1is subjected to multi-
characterization techniques such as UV-Visible
spectroscopy, XRD, FTIR, SEM, and AC electrical
conductivity, enhancing photonic applications. In the
context of these resulting optical responses, bonding
behavior, contact angle-volume measurement, bonding
behavior, crystal size, nature of structure, morphology,
and charge transport of the film are considered. Their
processability at room temperature, compatibility with
flexible substrates, and potential for miniaturization
make them ideal for next-generation applications such
as flexible displays, low-power sensors, optoelectronics,
and renewable energy devices [7].

This work reveals Co?* ions of dopant responsible for
charge transport, aiming to differ in the result of
absorption-extinction coefficient and refractive index by
reducing the optical band gap below 3eV. FTIR reveals
Co0=0 bond and C=0 coordination bond, XRD reveals
(120) and (032) planes, and crystal size. The SEM analysis
has been revised to better correlate with the above
findings, providing morphological evidence that
supports the structural and electrical characteristics
discussed. AC conductivity enhances, and the resistance
of the material decreases to 0.33Q. This evidence
suggests PEO-CoCl: films potential candidate for use in
photonics applications. The structural, optical, and
electrical properties of the composite films are
systematically  investigated = using =~ UV-Visible
spectroscopy, FTIR, XRD, SEM, and AC electrical I-V
characterization. This study focuses on how varying
CoCl: concentrations affect optical band gap,
crystallinity, and conductivity with a view toward
applications in photoactive systems, sensors, and energy
storage devices [8].

2. Experimental
2.1. Materials

The Solution cast technique method is preferred to
achieve Polyethylene Oxide (PEO, Mw =5.6 x 10° g/mol,
Merck) and Cobaltous Chloride (CoCl,, Mw = 237.93
g/mol) doped films, were to its simplicity, cost-
effectiveness, and ability to yield uniform films under

210147 (2 of 10)
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constant temperature 50 °C. A fixed amount of PEO was
dissolved in methanol (Mw = 32.04 g/mol; SD Fine Ltd.)
under constant stirring to obtain a clear solution at 50 °C.
CoCl> was added in varying concentrations (0%, 5%,
10%, 15%, and 20% by weight of PEO) and stirred
thoroughly to ensure homogeneity and uniformity
under thermal conditions of 50 °C. The resulting solution
was cast into Petri dishes and dried at a temperature of
50 °C to allow solvent evaporation and avoid thermal
degradation of the sample. Thus, the obtained samples
are sealed in zip cover bags and desiccated. The films
were cut into squares of one square centimetre, and
characterization was carried out.

2.2. Measurements

The optical properties were studied using UV-visible
NIR spectroscopy using a Quartz tungsten Halogen
lamp as a source for pure and composites between 200
nm to 1500 nm wavelength range to determine band gap
values. Fourier-transform infrared (FT-IR) spectroscopy
was conducted in KBr medium using a Perkin Elmer IR
Spectroscopy in the air medium. The structural
properties of the synthesized samples were analyzed
using an X-ray diffractometer with Cu-Ka radiation (A =
1.5406 A), operating at 40 kV and 30 mA, with a scan
range from 5° to 80° (20), and a step size of 5 per minute.
Surface morphology studies and thickness of the sample
were studied using Table top Scanning electron
microscope (SEM), with a JEOL JSM-IT500LA
microscope operating at 5000V, and at a resolution of
300X magnification was taken under vacuum. AC
Electrical property studies were done using a Keithley
Source Measure, frequency versus dielectric.

3. Results and discussion
3.1. UV-Visible spectroscopy results

UV-Vis spectroscopy, which studies the interaction of
electromagnetic radiation with matter, is a primary
method for analyzing absorbance, transmittance, band
gap, and optical properties of materials. Figure 1 shows
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Figure 1. UV-Vis absorption spectra of the samples with varying
dopant concentrations (0%, 5%, 10%, 15%, and 20%) in the range
of 400-1000 nm.

strong absorbance peaks between 570-750nm,
corresponding to the visible red/near-infrared region,
indicating that these wavelengths are absorbed while
blue/violet light is reflected, resulting in a bluish-violet
film appearance. There is a possibility of forming both
tetrahedral (blue/violet) and octahedral (violet/pink) of
Co?"ionscoordination complexes with the polyethylene
oxide (PEO) matrix [9-11].

Table 1 exhibits the data for pure PEO, the CoCl-
doped sample, as observed increased absorbance,
absorption coefficient, and extinction coefficient, along
with enhanced translucency, indicating higher
crystallinity and formation of tetrahedral Co?*
complexes [12]. Figure 2 shows correlated Tauc plots
and their derivative using equations (1) and (2), showing
a reduction in direct band gap (<3 eV) with increased
CoCl2 concentration. At longer wavelength absorption,
UV sensitivity is seen sensitive at longer wavelength
absorption, which makes the material suitable for
photosensitive applications [13, 14].

Table 1. Direct and Indirect Band Gap, Absorption Coefficient, Extinction Coefficient, and Refractive Index of doped PEO-CoCl. films

Dopant Weight Percent (%) 0 5 10 15 20

Direct Band Gap (eV) 3.20 1.93 1.78 1.61 1.55
Indirect Band Gap (eV) 240 1.90 1.65 151 1.05
Absorption Coefficient (eV) - 1.688 1.683 1.647 1.632
Extinction Coefficient (x104) 0.95 1.47 1.65 321 3.66
Refractive index 0.11 0.18 0.22 0.28 0.66
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Figure 2. Plots of the direct and indirect band gaps (a), as well as the absorption coefficient (b), as a function of increasing dopant weight

percentage.

Beer-Lambert Law address calculation for absorption
coefficient (a) via equation (3), showing enhancement,
reflecting the material's photon absorption strength as in
Figure 2. Figure 3 shows that the extinction coefficient
increased from 0.95x 10 to 3.66 x 10 with increased
doping, calculated using equation (4), indicating photon
penetration at higher photon absorption. The refractive
index, calculated via equation (5), increased from 0.11 to
0.66 as in Figure 3, implying improved polarizability and
photon trapping at grain boundaries, supporting increased
optical conductivity [15-17]. A summary of the optical
data is presented in Table 1.
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Figure 3. Plots of the extinction coefficient and refractive index as functions of increasing dopant weight percentage.
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Figure 4. FTIR spectra of samples with varying CoCl. dopant concentrations (0%, 5%, 10%, and 20%) in the wavenumber range of 500-

4000 cm™.

3.2. Fourier transform infrared spectroscopy studies

FTIR data predicts formation of new bonds in the
doped PEO-CoCl: films at higher concentration, which
are absent in pure PEO, evidencing structural
modifications upon doping. In Figure 4, the broad O-H
stretching band is seen in all the samples around
3500cm™, confirming hydroxyl interactions [6, 18].
Similar to OH stretching, symmetric CH: stretching
vibration characteristic near 2900cm™ in pure PEO
disappears in doped samples, which hinders the
structural organization due to coordination between
Co?" ions and the PEO matrix [19].

CH bending and stretching vibrations near 2600 cm™
are observed in all samples, indicating a Carbon-
Hydrogen bond. C=C stretching exists around 2100-
2260 cm, while peaks from 1800-1900 cm™ and near
2250 cm ! are attributed to CO-Co metal carbonyl bonds,
confirming the formation of Co?" complexes [20].

An absorption peak around 1900 cm™ is assigned to
C=0 stretching, and a band near 1600 cm™ indicates
symmetric and asymmetric C=C and O=C=0 stretches,
suggesting the presence of metal carboxylate complexes.
Additionally, peaks around 1300 cm™ are related to C-O
stretching of alcohol groups and CH. wagging. The
CH:-CH:-O group, prominent in pure PEO, diminishes

Intensity (a.u.)

40

r— 0%
b 5%,
[r—10%
fr— 15 %
fr—20%)
'=
50 60 70 80
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Figure 5. XRD patterns of samples with varying CoCl. dopant concentrations (0%, 5%, 10%, 15%, and 20%).
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at higher dopant concentrations, suggesting that
tetrahedral Co?" complexes interact with the polymer’s
carbon groups, altering the polymer’s local structure [21,
22]. FTIR reveals metal ligand coordination bond with
peaks around 2250 cm™ (CO-Co metal carbonyls) and
2100-2260 cm™ (C=C stretching), which were absent in
pure PEO.

3.3. X-ray diffraction analyses

Figure 5 shows that the undoped PEO exhibits two
sharp peaks at 20 ~19.2° and 23.3°, corresponding to the
(120) and (032) planes, respectively, as per JCPDS
standards. These intense reflections confirm the semi-
crystalline nature of pure PEO.

The sharp, high-intensity peaks at 20 ~19.2° and 23.3°
in Figure 5 confirm the semi-crystalline nature of pure
PEO, indicating well-ordered chain packing. With
increasing CoCl. dopant concentration, these peaks
persist but exhibit broadening and reduced intensity,
suggesting decreased crystallinity due to structural
distortion [23, 24].

This reduction is attributed to Co?" ions interacting
with ether oxygen in PEO via coordination bonds,
disrupting chain alignment and inducing a shift toward
amorphous character.

The reduced crystallinity enhances ion mobility and
flexibility, improving charge transport-crucial for
applications in flexible electronics, solid-state batteries,
and optoelectronic devices.

Table 2, tabulation of structural parameters of XRD,
such as degree of crystallinity (Xc), average crystallite
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size (P), and inter-crystallite separation (R), was
calculated using:

P = 094/ (B cosB) (6)
R = 51/ (8sin0) (7)

where A = 1.5x10"°m and  is the full width at half
maximum (FWHM).

This structural evolution aligns with UV-Vis, SEM,
and FTIR findings, which show enhanced light
absorption, porous morphology, and altered bonding.
The reduced crystallinity enhances ion mobility and
flexibility, improving charge transport-crucial for
applications in flexible electronics, solid-state batteries,
and optoelectronic devices.

3.4. SEM morphology studies

Figure 6 presents the scanning electron micrographs
of pure PEO and PEO-CoCl. composites (with 5% and
15% CoClz) recorded at 5000 V, x3500 magnification, 5
pum scale, and SEI mode (18 46). Figure 6, Pure PEO has
an amorphous appearance, smooth, and looks
homogeneous surface. Increased dopant concentration
shows a non-homogeneous, spike-like structure, rough
surface with an increase in the number of porosities
throughout the film also agglomerated Cobalt salt
matrix. The linear structure of PEO is evidenced, and the
concentration of dopant shows an increased PEO-
CoClomatrix form. The porosity is due to the effect of
temperature, which elevates coordination complex
formation. Increased Co?* ion and matrix help in
evidencing increased conductivity. This is evidenced by
the optical property showing particle penetration within

Table 2. Summary of XRD parameters for samples with varying increased CoCl. dopant weight percentages

Dopant Weight Percent (%) 26 (°) 0 (°) d-spacing P (A) R (A)
0 19.10 9.55 4.645 6.65 7.50
23.26 11.63 3.841 9.89 1.16

36.26 18.13 2.466 3.50 1.42

5 18.86 9.43 4711 8.79 1.79
22.83 11.41 3.878 3.24 1.02

36 18 2492 1.99 1.24

10 18.97 9.48 4,643 6.61 1.55
23.26 11.63 3.833 1.78 1.16

36.13 18.06 2481 6.21 1.32

15 19.23 9.61 4.630 8.95 4.95
23.26 11.63 3.786 222 1.16

36.26 18.13 2.4776 7.01 1.42

20 19.36 9.68 4616 6.81 3.71
23.39 11.69 3.770 2.04 1.22

36.39 18.19 2.4770 4.75 1.53
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Figure 6. SEM images of Pure PEO (a) and PEO films doped with 5% (b) and 15% (c) CoCl. concentrations.

the sample is enhanced, allowing charges to pass, hence
the conductivity of the sample is possible [25, 26].

3.5. Electrical characterisations

AC conductivity studies confirm enhanced charge
transport within the doped PEO-CoCl. films, as
conductivity is inversely proportional to resistivity-
reflecting reduced opposition to charge flow. Figures 7
and 8 (Cole-Cole plot) are plotted for Z' versus Z'" as a
function of frequency, illustrating the trend of a
semicircle that implies the Debye model, showing an
increase in bulk resistance at Pure PEO 0.3 x10°Q. At a
higher weight percentage, it does not follow a semicircle
path, hence does not obey the Debye-Model type; also,

Bulk resistance decreased to 0.33 Q, implying that there
exists a hopping conduction mechanism. This
improvement is attributed to the increased mobility of
ionic species introduced by Co?" doping, which
facilitates charge transport along the polymer chains.

According to Equation (8), electrical conductivity (o)
is calculated. AC electrical conductivity increases with
dopant concentration [6, 27], as tabulated in Table 3. This
observation aligns with UV-Vis results, where a reduced
band gap and denser film colour-due to higher Co?*
content, indicate improved ion transport and enhanced
charge flow throughout the film. This is attributed to
low-power optoelectronics and sensor devices.
o= ®

T RA

Table 3. Electrical resistance of samples at varying dopant concentrations (0-20 wt%)

Dopant Weight Percent (%) 0 5 10 15 20
Resistance (2) 3.88%100 1.527x10° 2.36%10? 48.01 0.33
Electrical Conductivity (S/cm) 1.55x10% 3.93x10% 2.54x10+ 1.25%103 1.18x10"
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Figure 7. Nyquist plot (-Z" vs. Z') of pure PEO polymer film,
showing a characteristic semicircular arc, indicating the bulk
resistance and conductivity behavior.

4. Conclusions

CoCl>-doped PEO polymer films exhibit enhanced
optical and electrical properties, making them strong
candidates for use in electronic, optical-sensitive, and
optoelectronic applications. The doping process leads to
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increased absorbance, absorption coefficient, and
extinction coefficient from 0.95x104 to 3.66x10*
indicating optical sensitivity and significant modifications
in direct band gap from 3.20eV to 1.55eV and indirect
band gap energies, refractive index found to be 0.66 with
20% dopant concentration, and optical conductivity.

With rising CoCl. concentrations, improved bonding
interactions, greater hydrophilicity, and enhanced
dispersion of Co?" ions are observed, as supported by
contact angle and colorimetric analyses. FTIR studies
confirm the formation of new bonding environments
and the incorporation of Co?* ions within the polymer
matrix, contributing to improved charge carrier density.
Disappearance of peaks of CH:. symmetric stretches
evidencing new bonding interactions induced in the
polymer structure. These structural changes are directly
correlated with the electronic properties of the sample.

XRD analysis reveals 19° and 23° are seen at all
concentration ranges, depicting well-ordered chain
packing, reduced crystallinity, variations in crystal size,
and changes in interplanar spacing with increased
doping, indicating structural transformation within the
polymer network. Porosity, grain size, and agglomerated

140
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500 4 1004
- 400 4 804
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N e
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200 4
204
100 4
04
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Figure 8. Nyquist plots (-Z" vs. Z') of CoCl.-doped PEO films at different doping concentrations (5%, 10%, 15%, and 20%).
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ions of the polymer matrix are enhanced, as verified by
SEM analysis. Electrical measurements demonstrate a
notable decrease in resistivity and Debye-Model type,
which corresponds increase in AC conductivity, suggesting
enhanced ionic mobility, disorder in the structural bond,
and charge transport.

Overall, the modified PEO-CoCl films show promising
potential for UV-sensitive, flexible, and cost-effective
applications in solar cells, photodetectors, and other
optoelectronic devices.
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