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Abstract
Poly(methyl methacrylate/poly(ethylene oxide) (PMMA/PEO)/(1–x)CuCo2O4/xMnS 
blends with and without polyaniline (PANI) were prepared using hydrothermal, solid-state 
reaction and casting procedures. X-ray diffraction (XRD) and the transmission electron 
microscope techniques were applied to explore the different phases in the nanocompos-
ite and their crystallite sizes. XRD explored the effect of nanocomposite doping on the 
formed blends with and without PANI. The absorption, transmittance, reflectance, extinc-
tion coefficient, optical dielectric constant, energy loss functions and optical conductivity 
for PMMA/PEO/(1–x)CuCo2O4/xMnS blends with and without PANI were studied using 
the diffused reflectance technique. The values for PMMA/PEO’s direct and indirect opti-
cal band gap (Eg) are 5.06 and 4.79 eV, respectively. As 50% MnS and PANI were present 
in the blend loaded with nanocomposite, the direct/indirect Eg (4.89/4.49) eV values were 
achieved. At 500 nm, the refractive index of the blend was increased from 1.37 to 1.48 as 
it doped with 0.5CuCo2O4/0.5MnS. The effect of (1–x)CuCo2O4/xMnS and PANI on the 
fluorescence spectra of the PMMA/PEO blend was investigated. Blends exhibited varying 
degrees of bluish-violet color. The AC conductivity and the energy density were explored. 
Doping the blend with nanocomposite samples and PANI resulted in a lower energy den-
sity, with the exception of the blend containing 50% MnS and PANI, where it rose. The 
doped blends that were studied could be used in photocatalytic reactions.
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1  Introduction

Blended polymer composites with desirable optical features are essential for the develop-
ment of materials for uses in optical communication, optical sensors, solar cells, light-
emitting diodes, polarizers, data storage devices, and the biomedical sector, among others. 
The potential applications of polymer/inorganic nanocomposites in optoelectronic devices 
have attracted commercial interest in the incorporation of inorganic nanoparticles into pol-
ymers. Nanofillers are widely used in polymers to boost their optical and electrical proper-
ties (El-naggar et al. 2023a, b, c). Polymethyl methacrylate (PMMA) is widely recognized 
as a superior optical polymer. Its visible light transmission rate is 92%, which is better than 
glass (Wu et  al. 2022). Polyethylene oxide (PEO) has a linear structure that owns sem-
icrystalline polymer that includes crystalline and amorphous phases at ambient tempera-
ture; nevertheless, it exhibits a crystalline structure in its pure form. Due to their relatively 
high thermal stability, PEO-based materials are favorable polymer candidates (Abdelrazek 
et  al. 2017). It possesses a number of desirable properties, including adequate corrosion 
resistance, cost-effectiveness, good conductivity in the amorphous structure and satisfac-
tory dimensional stability; however, it has a relatively low index of refractive (Ngai et al. 
2016; Mathela et al. 2022). Polyaniline (PANI) is the most remarkable and studied poly-
mer among all conducting polymers because it can be synthesized cheaply, has reasonable 
conductivity, redox features, and good environmental stability, and is gaining additional 
interest due to its potential applications in the fields of anti-corrosion coatings, electrochro-
mic devices, electrode substantial in batteries and supercapacitors, light-emitting diodes, 
chemical sensors, and bifunctional materials (Naidu and Palaniappan 2020).

As the polymer or blend is loaded with the right dopants, its properties will change. For 
example, CaTiO3 nanoparticles embedded in PEO have found applications in optoelectron-
ics (Aziz et al. 2021). Sodium alginate/polyvinyl alcohol/zinc oxide/iron oxide nanocom-
posites were used in the electrochemical applications (Albalawi et al. 2023). Farea et al. 
(2022) found high performance in carbon monoxide gas sensors based on a novel poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)/poly(p-anisidine) nanocomposite. Laser-
ablated of the novel ternary nanocomposite of poly (ethylmethacrylate)/polystyrene/silver 
nanoparticles films exhibit improved electrical conductivity and dielectric performance 
(El-Sharnouby et al. 2022). The electrical conductivity results showed that increasing the 
selenium nanoparticle amounts in PEO/Cs enhanced the dielectric behavior of the PEO/Cs/
Se NPs films (Alzahrani et al. 2022a).

Polyaniline/poly (vinyl acetate) composites are a promising new material for employ 
in a widespread range of optoelectronic devices because of their improved optical and 
electrical properties (Wadatkar and Waghuley 2021). PVA/PANI/Ag nanocomposite films 
were identified as a new and talented material for optoelectronic uses by Abdelhamied 
et al. (2020). Doping polyethylene oxide and polyacrylamide: Li polymer electrolyte films 
with Ag nanoparticles improved their optical, thermal, and electrical features (Morsi et al. 
2018). The PMMA matrix doped with wide bandgap metal oxide semiconductors (ZnO, 
SnO2, and TiO2 nanocrystallites) shows great promise for use in future generations of a 
wide variety of optoelectronic, organo-electronic, and microelectronic devices (Sengwa 
2021).

Capacitive energy storage utilizing polymer dielectrics has seen widespread use. 
However, polymer dielectrics generally have a low volumetric energy density, which 
falls short of the requirements for high-power and compact-size electronic devices and 
electrical systems (Wang et al. 2022). In order to achieve a high breakdown strength 
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and charge discharge efficiency, polymers and nanoparticles are combined and used, 
which takes advantage of the high insulation properties of nanoparticles (Yang et  al. 
2022). By varying the SnO2 contents, it is possible to adjust the real part of the (PEO-
PMMA)-x wt% SnO2 films’ dielectric permittivity. In order to design flexible type 
microelectronic devices, a polymeric nanodielectric substrate with a low permittiv-
ity, such as (PEO-PMMA)-x wt% SnO2, is formed (Choudhary 2017). High discharge 
energy density and charge discharge efficiency are observed in poly(vinylidene fluo-
ride-co-hexafluoropropylene)/a-SiO2 (Yang et al. 2022).

Cobaltite, such as CuCo2O4, a transition metal, is crucial component used in numer-
ous applications (Heiba et al. 2021a; Liu et al. 2022). Two direct band gaps (1.43 and 
2.05 eV) were observed in CuCo2O4 thin film (McLure 1957), while one optical band 
gap (4.02 eV) was observed in CuCo2O4 synthesized using a one-step chemical route 
(Koninck et al. 2006).

The semiconductor manganese sulphide (MnS) has a large optical band gap of about 
3 eV (Heiba et al. 2021b; Pei et al. 2019). The rock-salt-structured, high-temperature-
prepared-α-MnS is the most stable form of MnS. Both the tetrahedral β-phase and the 
hexagonal γ-phase, which are metastable phases, were prepared at low temperatures 
(Heiba et  al. 2021c). As the MnS content of the nanocomposite grew in the (1–x)
CuCo2O4/xMnS nanocomposite, there was noticeable variation in the position of the 
two indirect optical band gaps of pure CuCo2O4. With x = 0.5, the optical parameters 
of the (1–x) CuCo2O4/xMnS nanocomposite are enhanced (Heiba et al. 2022).

In this work, (1–x)CuCo2O4/xMnS samples were prepared via hydrothermal and 
solid state reaction methods. Undoped and doped PMMA/PEO blends with (1–x)
CuCo2O4/xMnS and/or PANI were fabricated using the casting method. The effect of 
the fillers on the structural, dielectric properties, electric modulus, ac conductivity and 
energy density of the PMMA/PEO blend were examined using an LCR meter device. 
The behaviors of linear and nonlinear optical parameters of the PMMA/PEO blend 
were also explored upon doping with different fillers.

2 � Methods and materials

2.1 � Preparation of the nanocomposite samples

Under magnetic stirring for 30 min, (copper and cobalt) nitrates and urea were dis-
solved in deionized water (35 ml) to create nano CuCo2O4. The resulting solution was 
moved to a Teflon-lined stainless-steel autoclave and heated for 24 h at 120 °C. Once 
the autoclave reached room temperature (RT), the process was complete. The resulting 
solution experienced repeated centrifugation and washing with deionized water and 
ethanol. The manufactured powder was subsequently dried and annealed in a 350 °C (1 
h) electric oven. To make (1–x)CuCo2O4/xMnS (x=0.25, 0.5), first manganese acetate 
and thiourea were dissolved in 10 ml of deionized water at a stoichiometric ratio (1:1) 
to create MnS nanoparticles in the presence of CuCo2O4 nanoparticles.

To prevent MnS from being oxidized, the solution was annealed at 250  °C (2 h) 
after being stirred on a magnetic stirrer for 30 min.
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2.2 � Preparation of the undoped and doped blends:

Using the casting technique, we were able to create an undoped blend of 50% wt% 
PMMA and 50% wt% PEO by dissolving 1 g of poly(methyl methacrylate, PMMA, 
sigma Aldrich) and 1 g of poly(ethylene oxide, PEO, sigma Aldrich) separately in 20 ml 
of chloroform at RT. Then, for 12 h at RT, the two solutions were mixed together. These 
steps were repeated with 3 wt% (1–x) CuCo2O4/xMnS present. The former steps were 
repeated to form PMMA/PEO/(1–x)CuCo2O4/xMnS with PANI as follows: 0.1 wt% pol-
yaniline (PANI, Sigma Aldrich) was added to the above solution and it dissolved using 
ultrasonicators for 5 h at RT. The resulting solutions were transferred to a Petri dish and 
then heated in an oven at RT for 1 day.

The thickness of the resulting blends, measured with a digital micrometer accurate to 
within ± 10 μm, is between 240 and 270 μm.

2.3 � Apparatus and luminescence

An X-ray diffractometer (PANalytical diffractometer, X’pert MPD, Philips, copper 
source) was employed to examine all of the nanocomposite fillers and blends. The nano-
size range of the samples was analyzed using the high-resolution transmission electron 
microscope (TEM, JEOL JEM-2100, 200 kV). A diffuse reflectance spectrophotometer 
(JASCO-V-670, coupled to an integrating sphere assembly) was utilized to collect data 
on the UV diffuse reflectance (R) and transmittance (T) of all blends. The following is 
used to correct the R value (El-naggar et al. 2023d):

where Ri and RF are the interface reflectance and reflection from one face, respectively.
The following relations were used to determine the corrected absorbance (Acorrected), 

refractive index (n), and extinction coefficient (k) of each blend (El-naggar et al. 2023d):
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Using a luminescence spectrophotometer (FP-8200 JASCO), we were able to acquire 
fluorescence (FL) spectra. The dielectric constant parameters as a function of frequency 
at RT are obtained by applying a 2 V ac voltage and measuring the resulting changes in 
capacitance (C) and dissipation factor (tan δ) with a GwINSTEK LCR 8105G device.

Each blend’s ac conductivity (σac), dielectric constant (ε′, ε″), and complex electric 
modulus (M* = M′ + iM″) were calculated using the equations listed below (Heiba et  al. 
2023):

where εo, t and A are the permittivity of free space, thickness and area of the disk, 
respectively.

3 � Results and discussion

3.1 � Structural investigation

3.1.1 � Structural investigation of the nanocomposite samples

Phase identification analysis of (1–x)CuCo2O4/xMnS nanocomposite samples showed that 
all samples consisted of a single phase of CuCo2O4 with a cubic spinel structure (Fig. 1a). 
As a result, Mn and S ions are implanted into the CuCo2O4 lattice rather than forming a 
MnS phase (Heiba et al. 2022). The transmission electron microscope (TEM) image of the 
0.5CuCO2O4/0.5MnS sample is shown in Fig. 1b. Particles with a narrow size distribution 
were depicted in the figures as being nanosized. The Scherrer formula can be applied to 
determine the crystallite size (D) of nanocomposite samples (Abdel-Kader et al. 2023):

where λ and β are the wavelength of the X-ray technique and the full width at half maxi-
mum intensity, respectively.

3.1.2 � Structural investigation of the blends

Nearly all samples have roughly the same average crystallite size, which is 15 nm. The 
PMMA/PEO/(1–x)CuCo2O4/xMnS diffraction patterns with and without PANI are shown 
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in Fig. 1c. As revealed from the plot. The two well-resolved diffraction peaks typical of the 
PEO crystalline structure are superimposed on a high background due to diffuse scattering 
(Pereira et al. 2011). The peak at 2θ = 19.3° represented the crystallographic plane (120), 
while the peak at 2θ = 23.4° corresponds to several planes: (032), (132), (112), (212), 
(004), and (124) (Burba et al. 2007). Because of the nanofiller’s small concentration, no 
obvious peaks could be traced back to it. Also, there was no detectable PANI peak due to 
the low PANI concentration and high homogeneity.

3.2 � Optical features

3.2.1 � Optical absorption, transmittance and reflectance of the blends

Understanding the variations within the band gap range requires an investigation into 
the optical parameters that depend on absorption, transmission and reflectance data. The 
optical absorption, transmittance and reflectance data for PMMA/PEO/(1–x)CuCo2O4/
xMnS blends with and without PANI are represented in Fig. 2. Doping the PMMA/PEO 
blend with (1–x)CuCo2O4/xMnS, as shown in Fig. 2a, increased the blend’s absorbance. 
Adding more MnS to the nanocomposite also increased its absorbance. The blends’ 
absorbance was also improved by PANI doping compared to blends without PANI. All 
blends have an absorption band at 233 nm, which can be attributed to C=O and/or C=C 

Fig. 1   a XRD data for (1–x)CuCo2O4/xMnS samples, b TEM image for 0.75CuCo2O4/0.25MnS sample 
and c PMMA/PEO/(1–x)CuCo2O4/xMnS polymers with and without PANI
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bonds (Abutalib and Rajeh 2020). An additional π–π* transition (benzenoid and quinoid 
units) and polaron band can be seen in the absorbance of PMMA/PEO/(1–x)CuCo2O4/
xMnS doped with PANI at around 325 and 605 nm, respectively (Mirmohseni and Wal-
lace 2003; Laourari et al. 2022). Additionally, Fig. 2b shows that PMMA/PEO has a vis-
ible-range transmittance of roughly 89%. When the blend was loaded with a nanocom-
posite that consisted of 50% MnS and PANI, the transmittance dropped to 18%. Doping 
a PMMA/PEO blend with MnS led to increased reflectance in the visible spectrum, 
while loading the blend with PANI in addition decreased the reflectance. The packing 
density of the blend, and thus its reflectance behavior, can be changed by doping it with 
the nanocomposite and/or PANI (Kafashan et al. 2016).

3.2.2 � Optical band gaps of the blends

The energy difference between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) can be calculated by analyzing absorption 
data near the absorption edge for each blend. Tauc’s formula (El-naggar et al. 2023a, b, 
c) can be employed to find out the direct/indirect optical band gap values for any blend:

Fig. 2   a Absorbance, b transmittance and c reflectance spectra for PMMA/PEO/(1–x)CuCo2O4/xMnS poly-
mers with and without PANI
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where h, υ, D, d and α are Planck’s constant, the frequency of the incident light, a constant, 
the thickness of the blends and the absorption coefficient, respectively. r could be 0.5 or 2 
for direct or indirect transitions, respectively.

Extrapolating the linear portion to the intercept with the x-axis in Fig. 3a, b yields 
the direct or indirect optical band gap (Eg) energies for PMMA/PEO/(1–x) CuCo2O4/
xMnS blends with and without PANI. The values for PMMA/PEO’s direct and indirect 
Eg are 5.06 and 4.79 eV, respectively, as shown in the table. Additionally, as the quan-
tity of MnS in the nanocomposite increased, these values reduced even more. These 
values also decreased as the blend was doped with nanocomposite, and they decreased 
even more as PANI was added. As 50% MnS and PANI were present in the blend loaded 
with nanocomposite, the direct/indirect Eg (4.89/4.49) eV values were achieved. Nano-
composite blends of polyvinyl alcohol and carboxymethyl cellulose that were doped 
with niobium carbide showed comparable outcomes (Hashim and Hadi 2018). Also as 
poly(vinyl chloride) was doped by nanomaterials of CuO and CoO with various concen-
tration ratios or aromatic organosilicon (Abed and Abed 2022; Abed et al. 2022). As the 
ratio of nanocomposite to PANI varied, so did the degree of disorder and the number of 
defects in the host blend, which ultimately led to this decline. As a result, the state gen-
erated locally within the optical band gap changed.

(12)�h� = D
(

h� − Eg

)r

(13)� = 2.303A∕d

Fig. 3   Tauc relation for a direct 
and b indirect optical band gaps 
for PMMA/PEO/(1–x)CuCo2O4/
xMnS polymers with and without 
PANI
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3.2.3 � Refractive index and extinction coefficient of the blends

As revealed from Fig. 4a, the refractive indices (n) for both undoped and doped PMMA/
PEO blends exhibited a normal dispersion, where n values reduced as the wavelength 
raised. Doping the blend led to an increase in its n value relative to the undoped blend. As 
the quantity of MnS in the nanocomposite rose, the n value of the doped blend increased, 
but it reduced in the corresponding blend with PANI. Similar results were detected in pol-
yvinyl chloride doped with nano chromium (III) oxide (Abed et  al. 2021a). It has been 
shown that doping a blend with a nanocomposite/PANI can change the n value of the 
blend, which in turn can change the density of chain packing (El-Shamy 2021). The extinc-
tion coefficient (k) values also increased with (1–x) CuCo2O4/xMnS loading and increased 
further with PANI doping (Fig. 4b). When more MnS was incorporated into the nanocom-
posite, the value of k rose. Similar results were detected as poly(vinyl chloride) film expo-
sure to light (Abed et  al. 2021b). The existence of fillers in blends may account for the 
change in k value seen after doping (Tanaka 1980), as fillers affect how incident light inter-
acts with free carriers.

3.2.4 � Optical dielectric constant and energy loss functions of the blends

Both the real and imaginary parts of the optical dielectric constants, (εr and εi) along with 
the volume and surface energy loss functions (VELF and SELF) for a given blend are given 
by (El-naggar et al. 2023a, b, c):

(14)�r = n2 − k2

Fig. 4   a Refractive index and b 
extinction coefficient as function 
of the wavelength for PMMA/
PEO/(1–x)CuCo2O4/xMnS poly-
mers with and without PANI
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A graph showing how the blend parameters εr, εi, VELF and SELF vary with wave-
length is shown in Fig. 5. The εr and εi performances of the different blends, as expected, 
scale with their n and k values. In every blend, εr and VELF for each polymer are higher 
than εi and SELF. Doped blends have larger values for εr, εi, SELF and VELF than their 
undoped counterparts. Changes in εr and εi values could result from doping the blend with 
the fillers, which could alter the blend’s electrons’ interaction with light or alter the blend’s 
dipole motion (Wise 1998; Suma et al. 2017). The plots also demonstrated that the values 
of both the SELF and VELF functions rose as PANI was added and MnS concentration is 
increased in the nanocomposite, verifying that the increase in the number of defects was 
due to the fillers’ strong interaction with the blend matrix. A material’s optical response 

(15)�i = 2nk

(16)SELF =
�i

(�r + 1)2 + �
2

i

(17)VELF =
�i

�2
r
+ �

2

i

Fig. 5   The changes in a real and b imaginary dielectric constant, c SELF and d VELF with the wavelength 
for PMMA/PEO/(1–x)CuCo2O4/xMnS polymers with and without PANI
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to the propagation of charge carriers through its electronic states in response to the excita-
tion effect of incident electromagnetic wave energy is characterized by a parameter called 
the optical conductivity, σopt. It is an essential parameter in device fabrication because 
it describes the transitions electrons make between electronic states (Hendi and Rashad 
2018).

3.2.5 � Optical conductivity of the blends

Using its absorption coefficient spectrum and refractive index value, the following formula 
can be used to determine the spectral behavior of σopt (El-naggar et al. 2023a, b, c):

where C is velocity of the light.
For PMMA/PEO/(1–x)CuCo2O4/xMnS polymers with and without PANI, the σopt val-

ues appear to decrease with wavelength, as shown in Fig. 6. This reduction resembles the 
optical behavior of the absorption spectra and is indicative of the low transmittance of pho-
tons with low energies. There is a strong interaction between the nanocomposite/PANI and 
the blend, which causes an increase in optical conductivity as PANI is added and the MnS 
content in the nanocomposite is increased. This is because the number of free electrons 
grows as a consequence of the growth of defects (disorders).

3.3 � Fluorescence analysis

Under an excitation wavelength of 317 nm, Fig. 7a displays the fluorescence (FL) spectra 
of PMMA/PEO/(1–x)CuCo2O4/xMnS blends with and without PANI. The graph demon-
strated that the PMMA/PEO blend’s FL spectrum covered a wide wavelength range, from 
327 to 600 nm. Sub-peaks associated with UV-violets (347, 403, 420) nm, blue (469 nm), 
and yellow (573 nm) colors were found in the spectra. The � → �

∗ transition of PMMA 
carbonyl groups is responsible for the 573 nm sub-peak (Kara et al. 2020). Near-band emis-
sion (NBE) electron transformations give rise to UV and violet emissions, which have been 
linked to excitonic transitions. The blue color is due to luminescence emitted by defects 
(Heiba et al. 2016). It has been discovered by Xiong et al. (2001) that when PEO film is 
excited with λexc = 400 nm, PEO emits three excitation peaks (275, 320, and 360 nm) in 
the ultraviolet zone and one emission peak at about 410 nm, despite the fact that PEO in 
its natural state is not fluorescent. The fluorescent peaks of an unrefined polymer could 

(18)�opt =
�nC

4�

Fig. 6   Optical conductivity for 
PMMA/PEO/(1–x)CuCo2O4/
xMnS polymers with and without 
PANI
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be the result of fluorescent impurities (Schreiber et al. 2014). Moreover, the luminescence 
efficiency and spectral position may alter as a consequence of interactions between the 
main chains or side chains of PMMA and PEO. Furthermore, in nonfluorescent polymers, 
discrete chromophores defined as "sub-fluorophores" may undergo space conjugation via 
cooperative intramolecular conformation followed by intermolecular aggregation, result-
ing in fluorescence or occasionally phosphorescence emission (Chatterjee et al. 2020). The 
FL intensity decreased after (1–x)CuCo2O4/xMnS was loaded into the PMMA/PEO blend, 
and it decreased even more as the quantity of MnS raised in the nanocomposite. As more 
PANI was added to the blend, the FL intensity dropped even further. PMMA/PEO’s strong 
interaction with (1–x) CuCo2O4/xMnS and/or PANI may be to blame for this quenching. 

Fig. 7   a FL data and b CIE 
diagram for PMMA/PEO/(1–x)
CuCo2O4/xMnS polymers with 
and without PANI

Table 1   Direct and indirect optical band gap energies and chromaticity coordinates (x, y) for PMMA/PEO/
(1–x)CuCo2O4/xMnS polymers with and without PANI

Sample Direct Eg (eV) Indirect Eg (eV) CIE coordinates

PMMA/PEO 5.06 4.79 (0.1616, 0.0915)
PMMA/PEO with (1–x)CuCo2O4/xMnS

x = 0.25 5.03 4.67 (0.2650, 0.2086)
x = 0.25 + PANI 4.99 4.62 (0.2640, 0.2043)
x = 0.5 4.91 4.58 (0.2158, 0.1494)
x = 0.5 + PANI 4.89 4.49 (0.2273, 0.1542)
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This interaction generates trap sites through which excited electrons can be transferred (Li 
2019). The doped blends that were studied could be used in photocatalytic reactions.

Normalized FL spectra are shown in Fig. 7a, and their chromaticity diagram in the 1931 
standard (CIE) color space is shown in Fig. 7b to represent the samples’ colors. Table 1 
displays the CIE chromaticity coordinates (x, y) that correspond to each sample. Depend-
ing on the additives, the blends all displayed varying degrees of bluish-violet color.

3.4 � Dielectric characteristics

3.4.1 � Real and imaginary parts of the dielectric constant of the blends

PMMA/PEO/(1–x)CuCo2O4/xMnS blends with and without PANI are shown in Fig. 8a, 
b, displaying the real and imaginary parts of the dielectric constant (ε′, ε″) as a function of 
frequency at RT. The energy-storage capacity, denoted by the ε′ value, can be thought of as 
a measure of the polarization of a fabricated dielectric. The tendency of dipoles in blended 
nanocomposite films to align themselves in the direction of the applied field causes a sharp 
increase in ε′ at low frequencies.

Fig. 8   The a real, b imaginary parts of the dielectric constant, c energy density and AC conductivity for 
PMMA/PEO/(1–x)CuCo2O4/xMnS polymers with and without PANI
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Due to the charge’s inability to follow the periodic reversal of the electrical field at high 
frequencies, the dielectric permittivity declines as a consequence of the charge’s lag behind 
the applied field. The accumulation of charges reduces polarization, which in turn reduces 
ε′ (Hafez et al. 2020). Minor changes in ε′ were observed as PMMA/PEO blend was doped 
with nanocomposite containing 25% MnS with and without PANI. The nanocomposite’s ε′ 
diminished with rising MnS content and further declined with the addition of PANI. The 
interfacial polarization changed because the order distribution of PANI and nanocomposite 
in the PMMA/PEO film varied (Alzahrani et al. 2022b). Reduced space charge polariza-
tion relative to total polarization (Kalyani and Muthupandeeswari 2022) also contributes 
to a reduction in ε′. Doping PEO/PVA with MWCNTs/ZnO yielded similar outcomes 
(Alzahrani et  al. 2022b). The non-Debye type of behavior (Alghamdi and Rajeh 2022) 
also contributes to the variation in the value of ε′ by altering the density of charge carri-
ers in the space charge accumulation area. As can be seen in Fig. 8b, the ε″ values of all 
films increased with increasing frequency until they peaked, after which they declined. The 
structural dynamics of the system are responsible for its relaxation peak. The nanocom-
posite’s ε″ decreased as MnS content grew. In the corresponding polymer, the addition of 
PANI led to a further decrease in the value of ε″.

3.4.2 � Energy density of the blends

Using the next formula, one can determine the energy density (U), or the amount of energy 
that can be stored in a given volume of a material (Isasi et al. 1995):

where εo and E are the permittivity of free space (8.85 × 10−12 F/m) and the electric field, 
respectively. U’s dependence on frequency for all blends is depicted in Fig. 8c. Doping the 
blend with nanocomposite samples and PANI resulted in a lower energy density, with the 
exception of the blend containing 50% MnS and PANI, where it rose.

3.4.3 � AC conductivity of the blends

The AC electrical conductivity, σac (ω), plotted against ln f for all blends is shown in 
Fig. 8d. The AC conductivity spectra revealed a dispersion at high frequencies but a pla-
teau (frequency independent) at lower frequencies. This trend is associated with a higher 
concentration of mobile ions in the blends (Taha and El-Nasser 2021). After adding the 
nanocomposite and/or PANI, the AC electrical conductivity of a pure PMMA/PEO film 
changed irregularly, reaching its maximum value as it was doped with 50% MnS. Sim-
ilar results were observed for poly (vinyl butyral) nanocomposites films embedded with 
Co3O4,CuO, NiO, TiO2, and Cr2O3 nanoparticles (Omer et  al. 2022). Doping the host 
blend may have altered its ac conductivity by altering the defects on its surface, which in 
turn altered the interface polarization relaxation (Abdelhamied et al. 2022).

3.4.4 � Electric modulus of the blends

The real M′ and imaginary M″ components of the electric modulus and their frequency 
dependence are displayed for all samples in Fig. 9. These modulus spectra, which deliver a 
bulk response of the material, cancel out the effect of various unfavorable factors, such as 

(18)U =
1

2
�o�

�E2
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electrode polarization. The M′ of nanocomposite and/or PANI-loaded PMMA/PEO grew 
irregularly. It reached its peak performance after being loaded with 50% MnS and PANI. 
Each M″ spectrum displays a distinct relaxation peak, which is linked to the relaxation pro-
cess (Khairy et al. 2020).

4 � Conclusion

Phase identification analysis of (1–x)CuCo2O4/xMnS nanocomposite samples showed 
that all samples consisted of a single phase of CuCo2O4 with a cubic spinel structure. The 
transmission electron microscope technique confirmed the nanosized nature of the fillers. 
XRD confirmed the formation of different blends. Doping the PMMA/PEO blend with 
(1–x)CuCo2O4/xMnS increased the blend’s absorbance. The blends’ absorbance was also 
improved by PANI doping compared to blends without PANI. PMMA/PEO has a visible-
range transmittance of roughly 89%. When the blend was loaded with a nanocompos-
ite that consisted of 50% MnS and PANI, the transmittance dropped to 18%. Doping a 
PMMA/PEO blend with MnS led to increased reflectance in the visible spectrum, while 
loading the blend with PANI in addition decreased the reflectance. The optical band gap 
energies decreased as the blend was doped with nanocomposite, and they decreased even 
more as PANI was added. As the quantity of MnS in the nanocomposite raised, the n and k 
of the doped blend increased, but n decreased while k increased in the corresponding blend 
with PANI. Doped blends have a larger optical dielectric constant, energy loss function 
values and optical conductivity than their undoped counterparts. The values of both the 
SELF and VELF functions rose as PANI was added and MnS concentration is increased 
in the nanocomposite. All blends emitted UV-violet, blue and yellow colors. The FL inten-
sity decreased after (1–x)CuCo2O4/xMnS was loaded into the PMMA/PEO blend, and it 

Fig. 9   The a real and b imagi-
nary parts of electric modulus 
for PMMA/PEO/(1–x)CuCo2O4/
xMnS polymers with and without 
PANI
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decreased even more as the quantity of MnS was raised in the nanocomposite. As more 
PANI was added to the blend, the FL intensity dropped even further. The blends’ dielectric 
constant and energy density diminished with rising MnS content and further declined with 
the addition of PANI. The AC electrical conductivity and electric modulus changed irregu-
larly, reaching their maximum values as they were doped with 50% MnS.
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