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Abstract

Polymer nanocomposites have attracted significant attention in recent years owing to their unique
properties and potential applications in a variety of fields. In this study, PEO-ZnO nanocomposites
were prepared with different wt.% (5, 10 and 15) nano-ZnO particles incorporated into PEO matrix by
a solution casting method. Structural and Optical properties of PEO-ZnO nanocomposites were
studied. X-ray diffraction (XRD) studies suggest the incorporation of ZnO NPs into PEO matrix. The
XRD results confirm successful incorporation of ZnO NPs into PEO matrix without any additional
impurity peaks. The XRD results” also revealed that the ZnO NPs were in the wurtzite phase. The
presence of a peak at 26 = 19.36° indicates semi-crystalline nature of PEO base matrix. The mean size
of the ZnO NPs was determined to be approximately 52nm. The vibration bands observed in the
prepared films were confirmed using Fourier transform infrared (FTIR) spectroscopy. The presence of
NPs in the films was further investigated using FESEM. UV-visible optical absorption spectra were
recorded to determine band gap values of prepared films. The band gap for pure PEO was 5.35eV, and
this value decreased with increasing wt. % ZnO NPs due to change in band structure of pure PEO. The
‘optical dielectric properties’ were also evaluated, and optical dielectric constant increased with
increasing wt.% ZnO NPs, which was attributed to the increase in density of states leading to the
formation of polarization. The optical conductivity of prepared nanocomposites increases with
increasing wt.% ZnO NPs due to formation of a charge-transfer complex. The obtained results indicate
that the addition of ZnO NPs reduces optical band gap of PEO/ZnO nanocomposites.

Keywords: Nano ZnO, Solution casting, PEO-ZnO nanocomposites, XRD and FTIR studies, Optical
properties.
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In recent years, the field of nanotechnology has
undergone remarkable advancements,
revolutionizing various industries and opening up
new possibilities for scientific exploration. One
such area of interest is the development of polymer
nanocomposites, which combine the unique
properties of polymers with the enhanced
characteristics of nanoparticles. Among these
nanocomposites, polyethylene oxide (PEO)
nanocomposites have garnered significant attention
due to their exceptional properties and potential
applications in diverse fields. The PEO polymer
exhibits excellent solubility in water and other polar
solvents. It has a high molecular weight, making it
an ideal candidate for various applications. When
PEO is combined with nanoparticles, such as clay,
carbon nanotubes, or metal oxides, nanocomposites
that exhibit enhanced mechanical, thermal, and
electrical properties can form compared to those of

pure PEO.
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Owing to the unique properties of PEO nanocomposites, they are highly versatile and applicable in
numerous fields. One of the most significant advantages of PEO nanocomposites is their improved
mechanical strength and toughness. The presence of nanoparticles within the PEO matrix enhances its
resistance to deformation and increases its load-bearing capacity. This property makes PEO
nanocomposites suitable for structural material applications, such as aerospace components, automotive
parts, and sports equipment. PEO nanocomposites exhibit excellent thermal stability and flame
retardancy. The addition of nanoparticles acts as a barrier, preventing the propagation of heat and flame.
This property makes PEO nanocomposites ideal for use in fire-resistant coatings, electrical insulation,
and flame-retardant textiles. In addition to their mechanical and thermal properties, PEO
nanocomposites also possess enhanced electrical conductivity. The incorporation of conductive
nanoparticles, such as carbon nanotubes or metal oxides, into the PEO matrix facilitates the movement
of charge carriers, resulting in improved electrical conductivity. This property makes PEO
nanocomposites suitable for applications in electronic devices, energy storage systems, and sensors.

In recent years, the combination of polyethylene oxide (PEQ) and zinc oxide (ZnO) nanoparticles
has gained significant attention in the field of nanocomposite research. PEO, a polymer with excellent
film-forming properties, and ZnO, a semiconductor with remarkable optical and electrical properties,
form a synergistic combination that offers numerous advantages in various applications. ZnO
nanoparticles exhibit unique optical properties, such as high transparency and ultraviolet (UV)
absorption. When incorporated into the PEO matrix, these properties can be harnessed for applications
in optoelectronics, UV shielding, and photovoltaic [5-10].

PEO-ZnO nanocomposites are expected to exhibit great potential in the field of biomedical
engineering. Owing to the biocompatibility of PEO combined with the antimicrobial properties of ZnO
nanoparticles, these nanocomposites are suitable for various biomedical applications, including drug
delivery systems, wound healing, and tissue engineering. Moreover, PEO-ZnO nanocomposites have
shown great potential in the field of biomedical engineering. Owing to the biocompatibility of PEO
combined with the antimicrobial properties of ZnO nanoparticles, these nanocomposites are suitable for
various biomedical applications, including drug delivery systems, wound healing, and tissue
engineering.

As research in this field continues to progress, it is expected that PEO-ZnO nanocomposites will play
a significant role in shaping the future of nanotechnology and its applications in diverse industries.
Therefore, the objective of the present investigation was to study the structural, electrical and optical
properties of ZnO nanoparticle-embedded PEO nanocomposites.

MATERIALS AND METHODS
Materials

Poly(ethylene oxide) powder (AMW: 1,00,000, freezing point 229°C) was purchased from Sigma
Aldrich, India. ZnO NPs (mean diameter 10-15nm, purity>99%) were purchased from Ad-Nano
Technologies Pvt.. High-quality polypropylene Petri-dishes (60mm) were purchased from Polylab,
India, and double distilled water was purchased from Molychem laboratories.

Preparation of PEO-ZnO Nanocomposites

The solution casting method was employed to prepare the PEO-ZnO nanocomposite films. Three
grams of poly (ethylene oxide) was dissolved in double distilled water (30ml) and stirred magnetically
at 600 rpm for 48hours at room temperature to obtain a homogeneous solution. The homogeneous
viscous solution was transferred to a polypropylene Petri dish. The solution was allowed to dry at
ambient temperature. PEO films were obtained in four weeks with a thickness of approximately
0.33mm. Composite films with 5, 10 and 15 wt.% ZnO dispersed in PEO matrix were also prepared
similarly.
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Initially, 5wt.% ZnO NPs were dispersed in double distilled water (30ml) and stirred magnetically
for 2 hours at room temperature. The ZnO solution and PEO solution were mixed and stirred
magnetically for 48 hours. The solution was transferred to a polypropylene Petri dish, and the air
bubbles were removed by shaking. The solution was allowed to dry at ambient temperature, as shown
in Figure 1(a). After evaporating the solvent, we obtained a homogeneous film in approximately four
weeks. This procedure was repeated to synthesize nanocomposite films with 10 and 15 wt.% ZnO.
Table 1 shows the weight percent (wt.%) of ZnO for the composite films prepared in this study.

Characterization Techniques

The crystalline structure of PEO strongly influences its mechanical, thermal, and electrical properties.
The XRD analysis of PEO was performed using a high-resolution X-ray diffractometer (Bruker D-8
Advance) equipped with a copper (Cu) K, radiation source (A = 1.5406 A). The XRD measurements
were conducted in the 20 range of 5° to 80° with a step size of 0.02°. SEM imaging was performed
using a field emission scanning electron microscope (Quanta250 FEG FEI) operated at an accelerating
voltage of 10 kV. The FTIR spectra of the PEO films were recorded using a SHIMADZU-8400S FTIR
Spectrometer. The spectra were collected in the mid-infrared region (4000-400cm-1) with a resolution
of 4 cm™. The DC electrical conductivity studies were performed by using a 4-probe DC electrical
conductivity system equipped with a heating chuck. A UV-Vis spectrometer (SHIMADZU UV-1800
series) in the 190-1100nm range was used to obtain the absorption data.

RESULTS AND DISCUSSIONS
XRD Analysis

The typical X-ray diffraction patterns for pure PEO & PEO-ZnO nanocomposites incorporated with
5, 10 and 15 wt.% ZnO NPs as shown in Figure 1(b). The XRD pattern of pure PEO shows a huge
precise diffraction peak at a scattering angle of 19°<26<20°, representing a d spacing value of 0.45 nm,
which is a distinctive result for a high-molecular-weight amorphous polymer [6-9]. XRD pattern of the
composite films shows small sharp peaks at 26=25.92° and 25.74° for the other nanocomposites, which
correspond to the diffraction peaks associated with the ZnO NPs. Figure 1(b) shows that the wide peak
of the PEO polymer widens with increasing ZnO NP concentration. This result demonstrated the
increased amorphous phase content of the composite films compared to that of pure PEO [9].

The pure PEO and PEO-ZnO nanocomposites revealed another wide and less-intensity crystalline
peak at 20 ~ 42°. After ZnO NPs embedded into PEO matrix, the XRD pattern of the resulting
nanocomposites revealed only PEO diffraction peaks. This demonstrated that the ZnO NPs in the PEO
were dispersed uniformly and homogenized. No changes are observed in the PEO matrix structure after
the ZnO NPs are mixed [1-5,10] because of presence of enormous number of hydroxyl groups in its
backbone. It was demonstrated by the purity and formation of nano-ZnO incorporated composites.

=
Pure PEO
PEO+10wt%ZnO

PEO+5wt%Zn0O

PEO+15wt%ZnO

S N

Figure 1(a). Samples after dried at ambient Temperature.
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Table 1. Composition of ZNO in the PEO polymer matrix for PEO-ZNO nanocomposite films.

S.N. | Sample | Values of x (wt. (%) | Contents of PEO (g) | Contents of ZNO nanoparticles (g)
1 PPE 0 0 3 0
2 ZP 05 5 3 0.15
3 ZP 10 10 3 0.3
4 ZP 15 15 3 0.45
I — ZPI5
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Figure 1(b). XRD patterns of PEO-ZnO nanocomposite films with varying wt.% ZnO NPs.

Surface Morphology
Scanning electron microscopy

In the case of ZnO-loaded polyethylene oxide (PEO) nanocomposite films, SEM analysis can provide
information about the dispersal of nano-ZnO within the PEO matrix and the overall film morphology.
SEM images of the nanocomposite films revealed the size, shape, and distribution of the ZnO
nanoparticles. The occurrence of well-dispersed nanoparticles throughout PEO matrix indicated
homogeneous distribution and good compatibility among the ZnO nanoparticles and the polymer
matrix.

Additionally, SEM analysis can provide insights into the surface roughness and porosity of a film
and the presence of any agglomerates or defects. The images obtained from SEM can help evaluate the
structural integrity of the film and the impact of the nano-ZnO on surface properties of film.
Furthermore, SEM analysis can be used to examine the interfacial interactions between the nano-ZnO
and PEO matrix. By observing interface among the nanoparticles and polymer matrix, it is possible to
assess the level of adhesion and the formation of any interfacial layers or chemical bonding.

Figure 2(b-d) shows “SEM images” of the PEO-ZnO nanocomposites taken at approximately the
same magnification for different amounts of added ZnO during PEO. Across-view of the samples
indicated that the samples were composed of spherical particles within the PEO polymer matrix. It is
evident from the SEM images that nano-ZnO are agglomerated comparatively.
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Figure 2. SEM micrograph of (a) pure PEO (b) PEO +5 wt% Zno and (c) PEO + 10 wt % Zno and (d)
PEO + 15 wt % Zno at approximately the same magnification.

The EDS spectra of the PEO-ZnO nanocomposites are shown in Figure 3(a-c). It is evident from all
samples that the phase of ZnO is evidently acknowledged. However, the weight percentages of carbon,
zinc and oxygen found in the EDS spectrum confirm the validity of the chemical constituents. As a
result, elemental analysis was used to evaluate the presence of various constituents in the ZnO NPs. The
stoichiometric ratio of zinc to oxygen is approximately 1:1 in the PEO-ZnO nanocomposites.

Transmission Electron Microscopy Studies

TEM images and histogram pertaining to size distribution of particles of PEO-ZnO nanocomposites
are displayed in Figure 4 (a-b). ImageJ software was employed to determine the particle sizes of
nanocomposites. TEM images of the PEO-ZnO nanocomposites reveal the spherical structure of ZnO.
The particle sizes of ZnO nanoparticles were evaluated using ImageJ software. The diameter of the ZnO
nanoparticles is between 10 and 25 nm. These results match well with the XRD data.

Figure 4(a) is a transmission electron micrograph of PEO that has been mixed with 10 percent by
weight of ZnO. There is a PEO layer enclosing the ZnO in its whole, as is shown. This is visible around
the ZnO. The fact that the nanostructure of ZnO/PEO is identical to that of a core-shell nanostructure is
an intriguing aspect of the TEM image. In this particular nanostructure, ZnO serves as the spherical
core, while PEO serves as the spherical shell. Due to the core-shell nanostructures found in the
nanostructures that are the subject of this study, there is a chance that they could become useful raw
materials for the manufacture of sensors in the future. This possibility results from the characteristics
that these nanostructures possess. After oxidative polymerization procedure concludes, PEO layer is
generated on top of the ZnO nanostructure. As a result of this procedure, a spherical nanostructure is
created.
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Element | Weight% | Atomic%
CK 49.33 56.94
oK 49.36 42.78
ZnK 1.31 0.28
Totals 100.00 100.00

PEO+5 wt.% ZnO

(@)
Element Weight% | Atomic%
CK 47.15 56.71
OK 46.36 41.86
ZnK 6.49 1.43
Totals 100.00 100.00

PEO+10 wt.% ZnO

@)
Element | Weight% Atomic%
CK 53.37 63.74
oK 38.44 34.47
ZnK 8.18 1.80
Totals 100.00 100.00

PEO+15 wt.% ZnO

©

(a)
Figure 4. (a) TEM image Figure 4. (b) histogram of PEO -10 wt % Zno nanocomposites films.
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Selected Area Electron Diffraction (SAED)
Since SAED analysis is simple to do and provides a wealth of data, it is frequently used to investigate
a variety of materials.

Figure 4. (C) SAED pattern of PEO -10 wt % Z no nhanocomposite.

Figure 4(c) depicts the SAED patterns of the PEO based nanocomposite that contained 10 Wt% of
ZnO. In addition to the darkness of the background, the patterns show that there are different circular
annular rings. The SAED pattern does not have any bright spots in the image, only annular rings were
observed in the pattern. Hence, the SAED patterns indisputably indicated the presence of circular
annular rings, which is evidence that the composite does, in fact, have a semi crystalline or amorphous
structure.

Fourier Transform Infrared (FTIR) Spectroscopy

Figure 5 shows the FTIR spectra of PEO-ZnO nanocomposite films. The broad peak at 3460cm™ is
possibly endorsed to the -OH stretching vibrations of water molecules. The peaks at 2922 cm™ and 2857
cm*are ascribed to anti-symmetric and symmetric vibrations of —CH, groups of hydrocarbons present.
The peak at 1627 cmis assigned to the bending vibrations of water molecules. The peaks at 1447 cm
Land 1399 cm* are due to -CHsbending deformation.

The intense peak observed at 1109 cm signifies the C-O stretching vibration of absorbed water. The
peak at 1028 cm™ is attributed to the C-N stretching vibrations of the aliphatic amines. The peak
observed at 681 cm™ signifies Zn-O stretch.

Table.2. The wave numbers and corresponding functional groups of the PEO-ZNO nanocomposite.

S.N. Wave number (c m™ Functional groups

1 3460 -OH, stretching of water molecule

2 2922, 2857 Anti  symmetric and symmetric vibrations of the -CH2 Groups of the
hydrocarbons

3 1627 Behind vibrations of water molecule

4 1447 1399 CHjs bending deformation

5 1109 CO stretching vibration of absorbed methanol

6 1028 CN stretching vibrations of the aliphatic amines

7 681 Zn-0 stretching
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UV-Vis Spectroscopy Studies
Absorption and absorption coefficients

The pure PEO film shows less absorption in the visible range, while nanocomposites shows high
absorption from visible light to UV range, as shown in Figure 6(a). In addition, as wavelength decreases,
absorbance of nanocomposite film enhances significantly. After ZnO NPs are uniformly dispersed in
the PEO polymer, their UV absorption properties can be fully exploited. In addition, the composite film
showed higher transparency in visible light region from 400nm to 800nm [11]. Therefore, the fabricated
composite films have good UV radiation protection properties, and their transparency decreases in the
visible light range with increasing ZnO nanoparticle content. The above results show that the fabricated
nanocomposite films absorb a broad range of radiation.

The absorption edge of composite films shifted from 237 nm (for pure PEO) to 251nm. The
absorption edge of composite film shifts to longer wavelengths with increasing ZnO NP concentration,
which indicates the semi-crystalline phase of PEO and formation of new bonds in composite film. The
wavelength variation indicated hydrogen bonding between the Zn?* ions of ZnO and the —OH groups
of PEO. The absorption spectrum of the composite film with 5.0 wt.% ZnO showed absorption peaks
at 247-280 nm, while that of 15.0 wt.% ZnO was at 244-348 nm. These absorption bands are assigned
to the n-p* and p-p* transitions, respectively. These electronic transitions indicate the existence of
unsaturated C=0 or C=C bonds mainly at the tail end of the pure PEO polymer.

In addition, acetyl C=0 and C-O-C ring electrons are present at backbone of polymer and all these
functional groups are involved in intra-molecular and intermolecular hydrogen bonding [1].

——ZP15

—ZP10
" ZP0S
— PPEQ

Transmittance (%)

Y
Ye=o?
C=0 CH2 (C-0H

T T T T v I v T r T r T r T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber ( cm )
Figure 5. Representative FTIR spectra of PEO-ZnO nanocomposite films.
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Figure 6. (a) Variation in the absorbance of PEO-ZnO nanocomposite films with respect to wavelength.
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Figure 6. (b) Variation in the absorption coefficient of PEO-ZnO nanocomposite films with
Wavelength.
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Optical Energy Band gap

UV-Vis spectra can be used to calculate the band gap of the composite films using the Tauc equation
[16-20].

[ahv]" = K[Av-Eq] (1)

where o - absorption coefficient, 4v - incident photon energy, k - energy-independent constant, Eg -
optical band gap energy, and n - exponent equal to ¥z for the allowed indirect band gap transition and 2
for the allowed direct band gap transition [17]. Plot of (ahv)? against photon energy was drawn, direct
band gap transition energy was calculated from the plot, as shown in Figure 7(a). By adding just 5.0
wt.% ZnO NPs to PEO, the direct band gap was reduced from 5.21 eV (of pure PEO) to 5.18 eV. The
indirect band gap energy is estimated using the (ahv)¥? vs photon energy (hv) graph, as revealed in
Figure 7(b). The indirect band energy was reduced to 5.08 eV from 5.03 eV (pure PEO) with the
addition of 5.0 wt.% of ZnO NPs to the PEO. The band gap energy values of the nanocomposites are
provided in Table 3.

It is also observed that by increasing the wt.% ZnO NPs in PEO, the direct band gap and indirect gap
were altered to lower values. Inclusion of ZnO NPs in matrix of polymer induces additional local
imperfection states in the optical band that be able to effectively alter valence and conduction band
edges. This could be the core reason for the reduction in the band gap in the composites. The formation
of complexes due to the interaction between the Zn?* ions of ZnO and the hydroxyl groups of the
polymer also modified the energy states of pure PEO [11].

Urbach Energy
The Urbach energy (E,) was evaluated using the following equation [18]:

log a =logc+g—v (2

where C be a constant. Urbach energy (E.), can be realized from slope of the line of plot In(a) as a
function of incident photon energy (hv).

10000
[~ PPEO
l—— ZP05
8000 -i— 7P10
- |—— ZP15
ﬁ l—
£ 6000
3
i~
=
= 4000
2000
0
R 1 ! o] 3 ! .
30 35 4.0 45 5.0 6.0 6.5
€) Energy (he) (eV)

Figure 7. (a) Optical direct band gap of PEO-ZnO nanocomposite films.

© STM Journals 2025. All Rights Reserved S595



Journal of Polymer & Composites
Volume 13, Special Issue 1
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

—— PPEO

12

10

[ee]

(ahv)'? (eVem-1) 12

b 1.5 20 25 3.0 35 40 45 50 55 60 6.5
(b) Energv(h) (eV)
Figure 7. (b) Optical indirect band gap of PEO-ZnO nanocomposites.

When loaded with a ZnO NP content of 5 wt.%, the E, value Slightly reduced to 1.05eV from 1.06eV
(pure PEO), and the E, values are indexed in Table 3. Urbach energy initially raised and then reduced
with increasing ZnO NP concentration, indicating a low level of crystallization and disturbance of the
phonon state in the polymer nanomaterials. It is also subjective by following factors: the impurity level
in middle of the optical band gap, structural disorder, inhomogeneous strain and extraction absorption
[13]. As seen from results, variation in Urbach energy is inverse to change in the band gap.

Table 3. Absorption edge Direct & Indirect bandgap and urban energy values of pure PEO and PEO
zno nanocomposite films.

S.N. Composite Absorption Direct band Indirect band Ur back energy
edge (nm) gap (ev) gap (ev) (ev)

1 PPEO (Pure PEO) 237 5.21 5.08 1.06

2 ZP 05 (PEO+5 wt % Zno) 242 5.18 5.03 1.05

3 ZP 10 (PEO+10 wt % Zno 251 511 4.72 0.92

4 ZP15 (PEO+15 wt % Zno) 235 4.87 5.12 1.054

DC Conductivity Studies

The temperature dependence of ionic conductivity for different compositions of PEO hanocomposites
is presented in Figure 9(a). The temperature is allowed to vary from 30°C to 80°C, which is a little
above the melting temperature of the PEO polymer host. Figure 9(a) shows that the change in
conductivity is small in the studied temperature range. The ionic conductivities of the different
nanocomposite films linearly increase with temperature. The Plot of 'Log c4c vS. 1000/T" shows a linear
increase in conductivity as a function of temperature. The general equation yields an Arrhenius-type
behavior:

6 (T) =c0exp(-Eo/KT) 3

Where o, = pre-exponential factor and E, = activation energy. k = Boltzmann constant and T =
temperature in Kelvin.
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The increase in ionic conductivity with temperature may be owing to an increase in ionic mobility or
carrier ion concentration. A conductivity (c) jump is observed at ~ 65°C, corresponding to the semi-
crystalline to amorphous phase transition of PEO polymer in polymer host. Due to phase change of
polymer host, conductivity suddenly increases at melting temperature Tm. The increase in conductivity
as a function of temperature is attributable to a process of hopping between coordinating locales, local
structural relaxations, and segmental motions of polymer PEO [13,21-23]. The curve fitting of the linear
portion below this temperature follows the Arrhenius equation (4). For PEO-ZnONCs, the Arrhenius
equation is

o(T) = 4.94x10-4 exp(-0.814/KT) (4)

The above equation shows that the exponent in the argument of the exponential is the activation
energy Ea = 0.814 eV. The relationship between the activation energy Ea and the concentration of
ZnONPs is presented in Figure 10. Figure 10 shows that the activation energy is minimal for x =5 wt.%
Zn0. The low activation energy (Ea) of the PEO-ZnO NC composition confirmed the high ionic
conductivity of the composite.

4

[ Urbach energy determination

i PPEO

In(a)
S

1 x 1 2 1 2 1 s 1
2 3 4 5 6

Energy (he) (eV)

Figure 8. Urbach energy of PEO-ZnO nanocomposite films.
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Figure 9. (a) oacvs T and (b) log ogcvs. 1000/T plot for PEO-ZnO nanocomposites with different wt.%
compositions.
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.2

CONCLUSIONS
The cost-effective solution casting technique was utilized to prepare PEO-ZnO nanocomposite films,
which were found to be semi-crystalline in nature through XRD studies. Surface morphology studies
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indicated that the film surface was smooth at lower concentrations of ZnO, and the surface roughness
of the films increased with increasing weight percentage of ZnO. The FTIR studies showed that there
was good interaction between the PEO polymer matrix and the ZnO nanoparticles. The direct and
indirect band gaps of the composite films moved toward lower energies. The Urbach energy also
confirmed the formation of defect states in the band gap region and the decreased crystalline phase with
increasing ZnO concentration. The DC electrical conductivity and activation energy increased with
increasing wt.% ZnO and sample temperature.
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