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technology, including the development of display devices 
and solar cells [3, 4]. Polymer nanocomposites entail the 
incorporation of nanoparticles into a polymer or copolymer 
matrix. The synergistic combination of unique properties 
from polymers and nanoparticles within these engineered 
composites has the potential to generate materials of signifi-
cant interest, with applications in both fundamental research 
and technological advancements.

Polymethyl methacrylate (PMMA) is a transparent poly-
mer known for its distinctive characteristics, encompassing 
lightweight, high light transmittance, chemical resistance, 
and resilience to corrosion and weathering. Despite these 
merits, PMMA faces constraints in the optoelectronic sec-
tor, including applications in compact discs (CDs) and 
optical fiber manufacturing. This limitation arises from its 
relatively low glass transition temperature, approximately 
100.8  °C, which hinders its usage as an inner glazing 

1  Introduction

The development of polymer nanocomposites has garnered 
considerable attention from both scientists and industrial 
researchers over the past two decades [1]. This surge in inter-
est is not solely attributed to their amalgamation of advan-
tageous properties like low weight, cost-effectiveness, and 
straightforward synthesis [2]. More prominently, it arises 
from their intrinsic versatility and multifaceted capabili-
ties. These attributes make polymer nanocomposites well-
suited for a broad spectrum of applications in optoelectronic 
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Abstract
Nanocomposite films were fabricated by employing a solution casting technique, incorporating varying weight percentages 
of ZnO NPs into a PMMA/PS blend. Through analyses via X-ray diffraction (XRD) and transmission electron microscopy 
(TEM), it was evident that the hexagonally shaped ZnO NPs possessed high purity, falling within the size range of 25 
to 45 nm. Both XRD and FT-IR investigations highlighted a decrease in the semicrystalline character of the PMMA/PS 
blend with the incorporation of ZnO NPs, attributed to interactions between the functional groups of the host matrix and 
the nanofillers. Moreover, UV/visible spectra revealed a reduction in the optical bandgap energies of the nanocomposites 
as the ZnO NP content increased, with direct energy gap values decreasing from 4.45 eV to 3.12 eV, and indirect energy 
gap values decreasing from 3.33 eV to 1.82 eV. Dielectric properties, electrical conductivity, and impedance of the samples 
were investigated over a frequency range of 0.1–106 Hz. Notably, enhancements in dielectric permittivity, dielectric loss, 
and AC conductivity were observed with increasing concentrations of ZnO NPs. The advantageous nanodielectric char-
acteristics of these hybrid samples were evident, particularly in their low permittivity at high frequencies. Additionally, 
analysis utilizing impedance components Z′ and Z′′ facilitated the creation of an equivalent electrical circuit. Overall, 
PMMA/PS-ZnO nanocomposites exhibit promising potential in the realm of flexible optoelectronic and energy storage 
devices, owing to their adjustable optical energy gap, frequency-dependent AC conductivity, and versatile composition-
dependent permittivity.
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material and can result in distortion [5]. Hence, the cost-
effective enhancement of PMMA’s physical attributes often 
involves blending it with other compatible polymers. In 
this regard, polystyrene (PS) emerges as a highly effective 
industrial material employed in various domestic applica-
tions, including optical lenses and laser-active mediums, 
owing to its commendable optical properties [6]. Further-
more, the enhancement of polymeric blends can be signifi-
cantly achieved by introducing varying wt% of nanofillers, 
thereby altering their optical and electrical properties [7]. 
Furthermore, its biocompatibility, along with notable pho-
tocatalytic activity, mechanical properties, and thermal sta-
bility, positions ZnO as an excellent candidate for various 
applications. These exceptional characteristics render it 
suitable for deployment in photodetectors, gas sensors, solar 
cells, and photocatalysis.

Numerous researchers have highlighted the versatile 
applications of low-cost PMMA/PS polymeric blends filled 
with different metal oxide nanoparticles [8]. El-Morsy, 
M. A., et al. [9] observed that the morphological, optical 
properties and electrical conductivity of the PMMA-PS 
polymer blend were improved through the incorporation of 
silver nanoparticles. V. Khrenov has explored the creation 
of polymer/ZnO nanocomposites, including the discus-
sion of PMMA/ZnO composites [10]. Kadhim and Ehssan 
[11] investigated novel PMMA-PVA/graphene oxide (GO) 
nanocomposites. Their work demonstrates a successful 
method for fabricating these nanocomposites with tunable 
GO content. These findings suggest potential applications 
in radiation shielding, optoelectronic devices, and ultra-
violet filters. Kadim, et al. [12] investigated the effect of 
incorporating corn starch nanoparticles (CSNPs) into a 
PVA/PMMA/PAAm (PPP) blend. They found that CSNPs 
improved the optical properties of the nanocomposite films, 
reducing the bandgap energy and enhancing light absorp-
tion. Abdali, Karar [13]. developed a novel PEO/Al@SiO2 
core-shell polymer nanocomposite film for stretchable 
devices. The nanocomposite exhibited improved optical 
properties with a reduced bandgap and enhanced dielectric 
properties compared to the PEO polymer alone. These find-
ings suggest its potential application in the fabrication of 
flexible optoelectronic devices. G. Soni et al. conducted a 
study on the optical, mechanical, and structural properties 
of thin films composed of PMMA and SiO2. The findings 
indicated that an increment in the wt% of SiO2 nanopar-
ticles caused in a narrowing of the optical bandgap [14]. 
Al-Bataineh, Qais M., et al. [15], investigated the influence 
of ZnO, CuO, TiO2, and SiO nanoparticles on the optical 
parameters of pure PMMA. Cinausero, Nicolas, et al. [16], 
endeavored to improve the thermal properties of PMMA-PS 
nanocomposite through the incorporation of alumina oxides. 
Wie, Jaehyun, and Jooheon Kim [17] introduced a method 

aimed at improving thermal conductivity through the utili-
zation of PMMA-PS composite, coupled with the addition 
of multi-walled carbon nanotubes (MWCNT). Alsharaeh, 
Edreese H [18]. documented a substantial enhancement 
in the electrical properties of PMMA, PS, and PMMA/PS 
copolymer upon the incorporation of silver nanoparticles 
(Ag NPs). Sahal Saad Ali [19] endeavored to enhance the 
electrical conductivity of PMMA-PS through the incorpora-
tion of multi-walled carbon nanotubes (MWCNT), aiming 
for optimization. Mathur, R. B., et al. [20], investigated the 
mechanical properties and electrical conductivity of com-
posites comprising multiwalled carbon nanotubes boosted 
PS-PMMA. Rashid, Farhan Lafta, et al. [21], demonstrated 
that the absorption coefficient, extinction coefficient, refrac-
tive index, as well as the dielectric loss and dielectric con-
stants of the PS-PMMA co-polymer, exhibit an increase 
corresponding to the rise in sodium fluoride concentration.

While numerous studies have explored the influence of 
various organic and inorganic additives on the morpho-
logical, optical parameters, and electrical conductivity of 
PS/PMMA composites [7–16], limited attention has been 
given to the doping impact of ZnO on the characteristics 
of PMMA/PS polymer blend. This study aims to improve 
the morphological, optical features, and electrical conduc-
tivity of the PMMA/PS blend through the incorporation 
of ZnO nanoparticles. The samples were characterized via 
XRD, FT-IR, UV/Vis., and AC conductivity techniques. A 
novel aspect of this research lies in the one-step creation of 
PMMA/PS samples, employing high-purity ZnO nanopar-
ticles. ZnO NPs were selected as dopants due to their ease of 
preparation, repeatability, low cost, and consistency.

To objectively assess the novelty of this study, an exten-
sive literature review was conducted to identify similar 
research endeavors focusing on the applications of PMMA-
PS-ZnO nanocomposite or comparable approaches in opto-
electronic devices. Limited studies have employed PMMA 
in conjunction with PS for thin film fabrication. Structural 
analysis and chemical characterization of the samples were 
conducted by X-ray diffraction and FTIR. The shapes and 
sizes of the zinc oxide nanoparticles were investigated 
through transmission electron microscopy (TEM). Addi-
tionally, the optical and electrical properties of the prepared 
films were assessed through UV-vis spectrophotometry and 
AC conductivity measurements.

2  Experimental Work

2.1  Chemicals

For this study, commercially available analytical-grade 
materials and solvents were employed. Polystyrene 
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(Mw = 100 kg mol-1 with a purity of 98%.) and polymethyl 
methacrylate (Mw = 30 kg mol-1 with a purity of 99%.) were 
obtained from BDH Co. Zinc oxide nanoparticles (ZnO) 
with a purity of 98.997% and a particle size of 34.2 nm were 
purchased from Sigma Aldrich, Germany. Deionized water, 
Sodium hydroxide, ethanol, and chloroform, all analytical 
grade, were also obtained from Sigma Aldrich, Germany. 
Every solution was meticulously prepared using deionized 
water, and chloroform.

2.2  Synthesis of ZnO NPs

To synthesize ZnO NPs, a standard procedure was followed. 
A 0.5 M aqueous solution of zinc nitrate (Zn (NO3)24 H2O) 
and a 0.8 M aqueous solution of sodium hydroxide (NaOH) 
were prepared using deionized water. The NaOH solution 
was heated to approximately 50 °C, and then the Zn (NO3)2 
solutions were added dropwise over 30 min to the heated 
solution with vigorous stirring. The sealed beaker was 
maintained under these conditions for 1  h. The resulting 
ZnO nanoparticles were washed with deionized water and 
ethanol, followed by drying in ambient air at around 70 °C. 
The purity of the ZnO material achieved was high. The puri-
fication process ensured that the synthesized nanoparticles 
were of high quality (approximately 96%), with minimal 
impurities present. Transmission electron microscopy was 
used for imaging the synthesized ZnO nanoparticles.

2.3  Synthesis of PMMA&PS/ZnO Nanocomposites

The experimental procedure involved dissolving specific 
amounts (0.5 g each) of PMMA and PS in separate glass 
bottles containing 25 mL of chloroform for each polymer. 
Magnetic stirring at 45 °C for 1 h ensured a homogeneous 
PMMA/PS blend in a 50/50 wt% ratio. Meanwhile, the 
mandatory quantity of ZnO (0.064 g) was dispersed in 20 
mL of distilled water under magnetic stirring. This ZnO 
suspension underwent sonication for 15 min at 20 kHz and 
500 W using a high power probe sonicator (model UIP-500-
hdT, USA). After sonication, the ZnO was incorporated 
into PMMA/PS composite based on calculations following 
established principles [22]:

Wt% =
Wf

Wb +Wf
� (1)

Here wb and wf denote the weight of the polymers and metal 
oxide, respectively. Details of the weight ratios used can be 
found in Table 1. The solution was continuously stirred at 
50 °C for 30 min for uniform dispersion. To further enhance 
nanoparticle homogeneity, the PMMA/PS-ZnO solution 
underwent a 15-minute probe sonication treatment. The 
resulting solution was then cast onto Petri dishes and oven-
dried at 45 °C for 2 days. This process yielded free-standing 
PMMA/PS-ZnO films with thicknesses ranging from 0.07 
to 0.09 mm.

2.4  Characterizations

a-X-ray Diffraction (XRD)  A PANalytical X’Pert PRO sys-
tem operating at 30 kV with Cu Kα radiation was used for 
XRD analysis. The samples were scanned across a 2θ range 
of 5–70°. This technique aimed to identify any changes in 
the crystal structure of the composite caused by the incorpo-
ration of ZnO nanoparticles.

b-Transmission Electron Microscopy (TEM)  A JEOL JSM-
100 CX instrument was employed for TEM analysis to 
investigate the morphology, particularly the shape and size 
distribution, of the ZnO nanoparticles within the polymer 
blend.

c-Fourier-Transform Infrared (FT-IR) Spectroscopy  Func-
tional groups present in the composites were characterized 
using a Nicolet iS10 spectrometer (Thermo Fisher Scien-
tific, USA) in the mid-infrared range (4000 –400 cm-1). This 
technique helps identify potential interactions between the 
polymer blend and the ZnO nanoparticles.

d-UV-Visible (UV-Vis) Spectroscopy  The optical properties 
of the films were analyzed using a JASCO V-570 instrument 
(JASCO Corporation, Japan) across a wavelength range of 
190–1100  nm. This technique provides information about 
light absorption and potential bandgap changes due to the 
presence of ZnO.

e-Impedance Spectroscopy  Electrical conductivity and 
related phenomena were investigated using impedance 
spectroscopy at room temperature. A computer-controlled 
phase-sensitive multimeter (PSM-1700) was employed 

Table 1  Weight ratios of PMMA&PS and ZnO nanoparticles
Samples PMMA&PS (g) ZnO (g) Total
PMMA 0.5 - -
PS 0.5 - -
Pure PMMA/PS 1.0 - -
PMMA/PS -1% ZnO 0.996 0.004 1
PMMA/PS -3% ZnO 0.988 0.012 1
PMMA/PS -5% ZnO 0.980 0.020 1
PMMA/PS -7% ZnO 0.972 0.028 1
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indicative of the hexagonal wurtzite crystal structure of ZnO 
nanoparticles [23]. The crystallite size (R) was determined 
by utilizing the corresponding Full Width at Half Maximum 
(FWHM) values [24, 25]:

R =
Lλ

δCosθ
� (2)

Here, L represents the Scherrer constant (L =0.93), λ 
denotes the wavelength, θ is the Bragg angle, and δ is the 
Full Width at Half Maximum (FWHM) of the diffracted 
halo peak. The ZnO nanoparticles exhibit a size distribution 
ranging from around 25.5 to nearly 40.15 nm [26]. Fig. 2 
displays the TEM image of ZnO NPs along with the cor-
responding histogram distribution map. In these visualiza-
tions, the ZnO NPs exhibit a crystalline structure, appearing 
almost hexagonal and irregularly distributed, with crystal 
diameters ranging between 25 and 45 nm. This observation 
aligns with the XRD data.

XRD study was used to investigate the formation of the 
PMMA/PS blend and explore the impact of varying ZnO 
nanoparticle contents on the blend formation. The XRD pat-
terns for the PMMA/PS-ZnO nanocomposite samples are 
presented in Fig. 3. Notably, Fig. 3 reveals a broad peak cen-
tered at 2θ = 19.37°, indicating the semicrystalline nature 
of the host matrix, which comprises both crystalline and 
amorphous zones. The amorphous broadband decreases in 
all cases except for the concentration of 3%, which can be 
attributed to the disturbance of the PMMA/PS polycrystal-
line structure caused by the introduction of ZnO nanopar-
ticles, as suggested by Rajeh et al. [27]. As noted by Rajeh 

within a frequency range of 0.1 Hz to 1 MHz. This technique 
helps understand the electrical behavior of the composites.

3  Results and Discussion

3.1  XRD Spectra

Fig. 1 illustrates the XRD spectra of ZnO NPs. The observed 
peaks at 2θ = 31.57o, 34.21o, 36.24o, 47.45o, 56.41o, 62.59o, 
67.88o, and 69.02o correspond to the Miller indices of (100), 
(002), (101), (102), (110), (311), (112), and (201), respec-
tively. The diffraction peaks of the zinc oxide nanoparticles 
align closely with JCPDS, card No. 89–0510. This pattern is 

Fig. 2  (a)TEM image and (b) histogram of zinc oxide nanoparticles

 

Fig. 1  XRD patterns of zinc oxide nanoparticles
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oxide occupies interstitial sites between amorphous phases 
and establishes connections through H bonds [28].

3.2  FTIR Analysis

FTIR spectroscopy serves as a valuable method for char-
acterizing intermolecular interaction between groups within 
self-polymer or different polymeric molecules in the poly-
mer blend. Interactions like as dipole-dipole and hydrogen 
bonding interactions can cause changes in the absorbance 
of functional groups or variations in frequency [29]. Fig. 4 
presents the FT-IR spectra of virgin PMMA/PS doped with 
various wt% of ZnO in the range of 4000 –400 cm-1. The 
methyl groups’ asymmetric and symmetric C–H stretching 
is responsible for the bands seen at 2957 cm1 and 2911 cm1, 
respectively. Also, the vibrational band corresponding to 
C = O stretching is located at around 1726  cm-1. In poly-
meric matrices, this double bond serves as a source of 
charged structural defects known as bipolarons and/or polar-
ons [30]. The asymmetric O‒C2H5 bending (γ(OC2H5)) and 
CH2 twisting (CH2) are responsible for the bands seen at 
1445 cm-1 and 1389 cm-1. The absorption band at approxi-
mately 1238  cm-1 is assigned to C‒O‒C stretching vibra-
tion. The absorption band at 1137 cm-1 corresponds to the 
CH2 scissoring (δ(CH2)). The bands at 983 cm-1, 843 cm-1, 
756  cm-1, and 696  cm-1 are associated with the aromatic 
C-H deformation vibrations [31]. Additionally, a noticeable 
trend is observed in the bands within the range of 1000 cm-1 
to 500 cm-1, where their intensity decreases with increasing 
concentration. These bands are linked to skeletal stretch-
ing, coupled with C‒H deformation (at 1000 cm-1), and are 
influenced by intermolecular interaction [32]. As the con-
centration of ZnO increases, there is an obvious reduction in 
the stretching frequency of C═O (at 1726 cm-1) and several 
other bands. This implies that the observed alterations in the 
FTIR spectra may be owing to the interactions between ZnO 
and specific functional groups within the PMMA/PS matrix, 
potentially involving hydrogen bonding [33]. Scheme  1 
depicts the possible interactions between the PMMA, PS, 
and the zinc oxide.

3.3  Optical Properties

The absorption spectra of virgin and doped PMMA/PS sam-
ples with ZnO are shown in Fig. 5. The spectra were obtained 
using a UV-Vis spectrometer at room temperature. The 
absorption edge can be used to compute the samples’ band 
gaps, which offers important information on the band struc-
ture in both crystalline and noncrystalline states. All filled 
films showed a little increase in absorbance when compared 
with unfilled samples (Fig.  5), which might be explained 
by electronic transitions from the bonding molecular orbit. 

et al., the incorporation of nanofillers leads to a decrease 
in peak intensity owing to their inherent amorphous nature. 
This amorphous character plays a role in improving ionic 
diffusivity and achieving high ionic conductivity, par-
ticularly notable in the flexible backbone of amorphous 
polymers. However, new distinct peaks were identified in 
the doped PEMA/PMMA at 2θ = 31.57°, 34.21°, 36.24°, 
47.45°, 56.41°, 62.59°, 67.88°, and 69.02°. These peaks 
closely resemble the characteristic XRD peaks of ZnO NPs. 
This alignment is credited to the interaction between zinc 
oxide and the polymeric chain, primarily involving the 
functional group C═O in the polymer blend, as indicated by 
the FT-IR spectra. Moreover, the crystallinity experiences 
an increase with the dopant, particularly at a concentration 
of 3%, owing to the formation of complexes that enhance 
local ordering in the polymer blend. In this context, zinc 

Fig. 4  FT-IR spectra of PMMA/PS filled with various quantities of 
zinc oxide nanoparticles

 

Fig. 3  XRD patterns of PMMA/PS doped with various wt % of zinc 
oxide nanoparticles
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there is a slight red shift observed in the UV absorbance 
band. The formation of intra- or intermolecular hydrogen 
bonds (-H) between zinc ions and the nearby functional 
groups in the PMMA/PS blend is indicated by the change 
in the absorption band. Following Beer’s law, an increase in 
ZnO concentration is expected to amplify UV absorbance 
and promote intra- and inter-hydrogen bonding. The phase 
transition caused by ZnO loading from crystalline to amor-
phous is theorized to be the cause of the observed shift in 
the absorption edge of the different ZnO-doped PMMA/PS 

Significantly, the spectra show peaks at 219 and 267  nm, 
which are linked to electronic transitions from the carbonyl 
(C = O) groups of the PMMA chain’s monomers [34]. Fur-
thermore, the observed phenomena can be attributed to the 
UV optical absorption bands, which are commonly linked 
to charge transfer (CT) bands in noncrystalline materials. 
Remarkably, films made from PMMA/PS-ZnO nanocom-
posite doped with broadband gap zinc oxide have substan-
tially similar increased absorbance for UV radiations [35]. 
Moreover, Fig.  4 illustrates that with an increase in zinc 
oxide quantity in the PMMA/PS nanocomposite samples, 

Scheme. 1  Possible interaction 
between the PMMA, PS, and 
ZnO nanocomposite (A) 2D and 
(B) 3D
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unstructured defects and micro strains [39]. The density of 
localized states inside the band gap increases as a result of 
the formation of unstructured defects and micro strains [40].

3.4  Conductivity Analysis

Polymers commonly exhibit frequency-dependent conduc-
tivity, a phenomenon associated with a substantial enhance-
ment in the mobility of charge carriers inside the polymer 
blend [41]. The frequency dependence exhibited by most 
polymers can be utilized for various applications. Further-
more, it may be applied to enhance complex nanocompos-
ites’ electrical characteristics. By employing impedance 
spectroscopy, the σac  of the prepared nanocomposite can be 
calculated using the following equation:

σac = 2fε′εotan � (4)

Here, tanδ is the dissipation factor, f denotes the applied fre-
quency, while ε′  and εo  stand for the dielectric constant 
and free space, respectively. At ambient temperatures, Fig. 7 
illustrates the frequency-dependent behavior of PMMA/PS 
doped with varying wt% of ZnO NPs. The figure demon-
strates a consistent increase in conductivity with the rise in 
ZnO nanoparticle content, indicating that dispersed ZnO 
nanoparticles contribute to an augmentation in the number 
of conductive paths. The conductivity of this nanocom-
posite is thought to rely on various factors, including the 
type, shape, size, and distribution of the nanofiller within 
the composite [42]. The increased conductivity likely stems 

polymer blends. This phase change might be reflected in the 
energy band gap [36].

The values of the energy gap (Eg) for both virgin PMMA/
PS and PMMA/PS-ZnO nanocomposite samples were 
determined using the Tauc equation. The high absorption 
area close to these films’ absorption edge was used in this 
calculation [37, 38]:

(αhv) = C(hv − Eg)
r� (3)

The calculation of Eg values involves plotting the (αhυ)2 
and (αhυ)1/2 against the energy of the incident photons (hυ). 
The relationship between (αhυ)2 and (αhυ)1/2 for PMMA/
PS-ZnO nanocomposite samples is revealed in Fig. 6 (a, b) 
as a function of photon energy (hυ). The energy gap (Eg) 
of unfilled PMMA/PS is 4.65 eV. Table 2 provides the Eg 
values for PMMA/PS with the addition of 1, 3, 5, and 7 wt% 
of ZnO NPs. The Eg values of PMMA/PS decreased from 
4.45 to 3.12 eV (Direct) and 3.33 to 1.82 eV (Indirect) as the 
concentration of ZnO increased. This reduction in Eg values 
for PMMA/PS is ascribed to the interaction between metal 
oxide and the host polymers, leading to the generation of 

Table 2  Values of energy bandgap (EInd.
g  and EDir.

g  for ZnO and 
PMMA&PS with different ZnO wt%
Sample EDir.

g  (eV) EInd.
g  (eV)

ZnO NPs - 3.37
PMMA/PS 4.45 3.33
PMMA&PS- 1%ZnO NPs 4.30 3.71
PMMA&PS- 3%ZnO NPs 4.01 2.64
PMMA&PS- 5%ZnO NPs 3.81 2.28
PMMA&PS- 7%ZnO NPs 3.12 1.82

Fig. 6  Variations of (a) (αhυ)2 
and (b) (αhυ)1/2 with hυ of 
PMMA/PS blend with dif-
ferent content of zinc oxide 
nanoparticles

 

Fig. 5  UV-Vis spectra of PMMA/PS blend and PMMA/PS doped with 
various quantities of zinc oxide nanoparticles
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of approximately five orders of magnitude compared to the 
pure PMMA/PS. With an increase in the frequency of the 
applied field, the conductivity of charge carriers exhibits a 
linear rise, as these carriers can move more freely at high- 
frequency compared to low-frequency [47]. Furthermore, 
the dominance of the loss factor at high - frequency leads to 
a proportional enhancement in electrical conductivity within 
the high-frequencies range. Comparable patterns have been 
observed in various polymer nanocomposites [48, 49].

3.5  Dielectric Properties

The dielectric constant, represented by ε′, is defined as the 
capacity of the material to store energy. In the presence 
of an electrical field, the dielectric loss (ε″), measures the 
extent of energy dissipation or loss within the medium [42]. 
In applications requiring high frequencies, lower dielectric 
constants provide enhanced insulation, thereby reducing the 
dissipation of energy as heat. High dielectric constant mate-
rials allow for the miniaturization of capacitors by enabling 
increased capacitance in a smaller footprint [49]. The fol-
lowing equations are used to calculate the values of ε′ and 
ε’’:

ε
′
=
Cd

ε0A
� (6)

ε =
σ

ωε0
� (7)

Here, d stands for the film thickness, A denotes the cross-
sectional area, and C represents the measured capacitance. 
Figure  8(A, B) depicts the variations in ε′ and ε″ across 
different frequencies in the investigated PMMA/PS-ZnO 
nanocomposites. With the increase in frequency, both ε′ 
and ε″ show a significant decline, reaching negligible lev-
els. Additionally, it is believed that materials with polarity 
exhibit significant values of dielectric constant and dielec-
tric loss at lower frequencies. However, as the frequency 
increases, these values decrease due to the inability of the 
dipoles to keep up with the changes in the field [50]. Fol-
lowing the incorporation of ZnO NPs, both ε′ and ε″ values 
experienced an increase across all frequency ranges. ZnO 
NPs exhibit characteristics akin to nanocapacitors when 
integrated into an insulating matrix [51]. The increasing 
concentration of ZnO nanoparticles creates localized elec-
tric fields. These fields can influence the orientation of polar 
molecules within the polymer matrix, causing them to align 
along the field direction [52]. The alignment of polar mol-
ecules due to the electric field from ZnO nanoparticles can 
enhance their mobility within the composite. This improved 
mobility likely contributes to the observed increase in the 

from a combination of additional charge carriers introduced 
by ZnO nanoparticles and a potential enhancement in the 
amorphous character of the matrix. This, in turn, lowers the 
energy barrier, facilitating ion movement [43].

The data in the Fig.  7 reveals a positive correlation 
between frequency and electrical conductivity for all pre-
pared films. The conductivity of the samples tends to be 
frequency-dependent, particularly at high frequency, and 
conforms to the power-law equation proposed by Jonscher 
[44]:

σac (ω)= σ + Aω5� (5)

Here, σdc denotes the dc conductivity (specifically, at ω 
equal to zero), A is a frequency-dependent factor, and S 
is an exponent that exhibits variation with frequency. The 
observations in Table  3 are consistent with the correlated 
barrier hopping (CBH) model for electrical conduction 
within the films. This conclusion is based on the observa-
tion that all “s” values are less than 1 [45, 46]. Moreover, 
the σdc values for PMMA/PS-ZnO films exhibit an increase 

Table 3  The values of S, σdc, and fitting parameters (Rb, Q1, and n1) of 
the equivalent circuit for the samples under investigation
Sample σdc (S/cm) S Fitting parameters

Rb (Ω) Q1 (F) n1

PMMA/PS 1.63 × 10− 17 0.69 2.23 × 106 4.22 × 10− 7 0.73
PMMA&PS- 
1%ZnO NPs

1.15 × 10− 16 0.67 8.64 × 105 5.46 × 10− 7 0.65

PMMA&PS- 
3%ZnO NPs

1.23 × 10− 15 0.63 6.69 × 105 6.35 × 10− 7 0.61

PMMA&PS- 
5%ZnO NPs

6.48 × 10− 15 0.58 6.55 × 105 7.33 × 10− 7 0.58

PMMA&PS- 
7%ZnO NPs

3.14 × 10− 13 0.54 5.64 × 105 8.85 × 10− 7 0.51

Fig. 7  The relation between log (σac) and log (f) for PMMA/PS matrix 
doped with various quantities of ZnO nanoparticles
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polymeric matrix, and bulk resistance, resulting from the 
motion of ions [56]. The central depression in the semicir-
cular arc suggests a nonDebye ionic relaxation mechanism. 
The observed deviation from ideal Debye behavior could 
be attributed to a combination of factors, including surface 
roughness of the electrodes and potential variations in film 
thickness and morphology across the samples [57]. More-
over, with the increment in the concentrations of nanofillers, 
there is a reduction in the diameter of the semi-circle. This 
decrease indicates that the sample’s ionic conductivity has 
increased and its bulk resistance has decreased. To elucidate 
the connection between the microstructure and electrical 
properties of the films, we present the impedance spectros-
copy values interpreted through an equivalent circuit model 
comprised of resistors and capacitors. Fig.  9 (inset) pres-
ents the applied equivalent circuit representing the obtained 
impedance measurement. In this circuit, partial capacitance 
(CPE) and bulk resistance (Rb) are combined in parallel. 
The impedance of this CPE can be determined through the 
following [58]:

ZCPE = 1/Q(i)n � (9)

The correlation between the CPE parameter (n) and the 
impedance magnitude (|Z|) at ω = 1 rad/s (represented by Q) 
reveals the deviation of the CPE from ideal capacitor behav-
ior. A value of n = 1 indicates a pure capacitor, while n = 0 
suggests a pure resistor. The equivalent circuit model param-
eters obtained by fitting the impedance data (Fig. 9) using 
the EIS program are presented in Table 3. As per the find-
ings, the bulk resistance (Rb) decreases with the increase of 
nanofiller wt%, suggesting the presence of more intercon-
nected conductive channels [59]. The decrease in Rb may be 
owing to the increase in charge carrier concentrations and 
the decline in crystallinity of the samples. Furthermore, the 
increase in ZnO NPs concentration corresponds to an eleva-
tion in bulk capacitance values (Q), aligning with the previ-
ous description of the creation of numerous nanocapacitors 

dielectric constant. Nano-fillers are thought to enhance the 
dipole’s dielectric constant by reducing constraints on its 
ability to react to electric fields [53, 54].

3.6  Complex Electric Modulus

The analysis of complex impedance data for the investi-
gated samples can be facilitated through the application of 
the Eq. (8) [55]:

Z* = Z ′ − iZ ′′ =
1

iωεoε∗
� (8)

Here, the real and imaginary components of the complex 
impedance are represented by Z′ and Z′′, respectively. Fig. 9 
illustrates the Nyquist curves for the prepared films. These 
curves were captured at room temperatures, spanning an 
extensive frequency range from 0.1 to 106 Hz. All Nyquist 
plots display a characteristic semi-circular arc positioned 
below the real axis (Z’). This arc represents a parallel com-
bination of bulk capacitance, originating from the stationary 

Fig. 9  Nyquist plots for PMMA/PS doped with various ZnO NPs wt% 
and their equivalent circuit elements

 

Fig. 8  Frequency dependence of 
dielectric properties in PMMA/
PS-ZnO nanocomposites, (A) 
dielectric constant (ε’) and (B) 
dielectric loss (ε”) with log(f) at 
room temperature
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