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Abstract
Polymer nanocomposites (PNCs), exhibiting enhanced physical properties, are emerging as innovative functional materials 
due to their versatile characteristics suitable for various technological applications. Composite films comprising 0.1% cop-
per (Cu) doped Nickel oxide (NiO) [CNO1 (350)] nanoflakes calcined at 350 °C embedded in Poly (vinylidene fluoride) 
(PVDF) polymer were prepared using the solution casting method. The influence of CNO1 (350) filler incorporation on the 
structure and morphology of the composite films was scrutinized through X-ray diffraction (XRD), Fourier-transformed 
infrared spectroscopy (FTIR), and Field Emission Scanning Electron Microscopy (FESEM). Results unveiled a direct cor-
relation between CNO1 (350) filler concentration and the crystallinity, β-phase content, and morphology of the composite 
films, attributed to heterogeneous nucleation. Room temperature electrical measurements indicated dielectric constants 
reaching more than six times at 40 Hz and a conductivity increase exceeding two orders of magnitude, with a percolation 
threshold identified around 25wt% of CNO1 (350) filler content. The observed outcomes are elucidated through Maxwell–
Wagner–Sillars interfacial polarization occurring at the interface of CNO1 (350) and the insulating polymer matrix. This 
elucidation involves the development of a conductive network and the establishment of a micro-capacitive structure within 
the PVDF thin films modified with CNO1 (350).

Keywords  Doped electroactive polymer · Doped transition metal oxide · β-phase enhancement · Dielectric property · 
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Introduction

 Electroactive polymers have garnered a lot of attention 
recently, as they offer so much promise for use in bio-
medical devices, sensors, electrochemical devices, energy 
harvesters, actuators, and so on [1–3]. Additionally, high 
dielectric polymer nanocomposites with low tangent loss 
materials have garnered significant attention in recent years 
due to their promising applications in a wide range of fields 
such as electronics, energy storage, and telecommunica-
tions [3–5]. The quest for materials with enhanced dielec-
tric properties, characterized by high permittivity and low 
loss tangent, has driven extensive research efforts toward 
the development of advanced nanocomposite systems. 
These materials offer the potential to revolutionize vari-
ous technologies by improving device performance, reduc-
ing energy consumption, and enabling miniaturization [6, 
7]. In this context, poly (vinylidene fluoride) (PVDF) and 
its copolymers, such as poly (vinylidene fluoride-trifluoro 
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ethylene) [P(VDF-TrFE)] and poly (vinylidene fluoride-co-
hexafluoropropylene) [P(VDF-HFP)], stand out as versatile 
candidates with remarkable electroactive properties [8–11]. 
PVDF ([CH2-CF2-] n) is an economical and flexible fluo-
ropolymer that has gained significant interest owing to its 
diverse applications in non-volatile memories in microelec-
tronics, thin-film transistors, magnetostriction, piezoelec-
tric nanogenerators, high-capacity charge storage capacitors, 
pulsed lasers, and electrostriction for artificial muscles and 
beyond [1, 8–11]. Commercially available PVDF polymer 
exhibits five different crystalline phases, including � , � , � , 
� and � . The most prevalent and thermodynamically stable 
phase at standard temperature and pressure is the non-polar 
phase. Due to their superior piezoelectric, ferroelectric, and 
pyroelectric properties [9, 10, 12–14], the polar and phases 
of PVDF, which are defined by their orthorhombic unit cell 
structures with TTT (all trans) and 3TG3TG conformation, 
have drawn significant attention nowadays [15]. Numerous 
processes, including stretching [16], quenching [17], uniax-
ial or biaxial drawing of -PVDF films [18–20], simultaneous 
poling, phase-inversion process [4, 10], multi-step process-
ing [21], and supercritical carbon dioxide processing [22], 
have been developed in an attempt to enhance the electro-
active-phase concentration in PVDF [10]. Incorporation of 
nano-or submicron-sized filler materials, such as graphene 
[13, 20], ferrites [3, 23, 24], inorganic salts [25], clays [26], 
carbon nanotubes [27, 28], ceramics [29–31], metals [32, 
33], and metal oxides [34, 35] are another effective strat-
egy for the successful enhancement in �-phase [5, 6, 12–14, 
36–40]. The �-phase of PVDF serves as a versatile platform 
for the development of high dielectric and low tangent loss 
materials, offering a balance between enhanced polarization, 
reduced energy dissipation, stable electrical performance, 
and mechanical flexibility [10]. Its unique properties make 
it well-suited for a wide range of applications in electron-
ics, telecommunications, energy storage, and beyond [41, 
42]. The addition of these nanofillers, results in an improved 
physiochemical profile of the polymer without compromis-
ing its flexibility [43].

The integration of metal oxide nanoparticles (e.g., 
ZnMnO3 [1], MoO3 [2], ZrO2 [5], ZnO [40, 44], Mg-Doped 
Nickel Oxide [45], Fe-ZnO [46], CoCr2O4 quantum dots 
[47], Cu-doped α-MnO2 [48], PVDF/MgO [49], BaTiO3 
[50] with tailored dielectric properties into polymer matri-
ces, particularly polymeric matrices such as polyvinylidene 
fluoride (PVDF), has emerged as a promising strategy to 
achieve superior dielectric characteristics [51, 52]. By care-
fully engineering the composition and morphology of dif-
ferent nanocomposites like (Al/β-SiCw/PVDF [11], PVDF/
BaTiO3/NiO [50], PMMA/PVDF Blend by Incorporation 
of Ni/ZnO [53], PVDF/BaTiO3/NiO [54], researchers aim 
to exploit synergistic effects between the polymer matrix 
and the nanoparticles to optimize dielectric properties while 

mitigating loss mechanisms. This introduction provides a 
foundation for understanding the significance of high dielec-
tric polymer nanocomposites with low tangent loss materials 
and sets the stage for exploring the latest advancements and 
challenges in this exciting field of research (ref from existing 
ref). In this context, copper doped Nickel oxide nanoparti-
cles (CNO) have gained prominence as cost-effective fillers 
known to notably enhance the electrical properties of PVDF 
[36, 39]. Prior investigations have demonstrated a remark-
able increase in the (~ 63) within copper doped Nickel oxide/
PVDF nanocomposite films.

In our earlier work [39] we extensively investigated the 
impact of calcination on various physiochemical properties 
on divalent (Cu2+) metal cation doped transition metal oxide 
nanoparticles. This study presents a modified chemical synthe-
sis method for copper doped nickel oxide nanoparticles [CNO1 
(350)] [39] and their incorporation into the host polymer 
(PVDF) matrix. Thorough analyses of the various structural 
and physiochemical properties of CNO-loaded PVDF films 
have been conducted. Furthermore, we investigate the effect 
of CNO1 (350) on the nucleation of the electroactive β-phase 
in PVDF and provide insights into the significant enhancement 
of the �-phase fraction from a physicochemical perspective. 
Finally, the electrical properties of all samples are recorded.

Experimental section

Materials

In this study, to synthesize copper doped nickel oxide incor-
porated PVDF nanocomposite thin film, the following ana-
lytical grade chemicals were used: Poly (vinylidene fluoride) 
(PVDF) (Sigma Aldrich, Mw: 180 000 GPC, Mn: 71 000), 
Dimethylformamide (Merck, India), polyvinyl alcohol (PVA), 
Nickel acetate tetra-hydrate (C4H6NiO4.4H2O, 98% Sigma-
Aldrich); Copper acetate di-hydrate (Cu (CH3COO)2.2H2O, 
98% Sigma-Aldrich) and potassium hydroxide pellet (KOH, 
99.99% Sigma-Aldrich). The aforementioned chemicals were 
used without further purification. Throughout the synthesis 
procedure, absolute ethanol (HPLC grade) and double de-
ionized water were used to synthesize the material.

Synthesis technique

The nanoparticle was prepared through modified chemical 
synthesis process followed by post-annealing. Then incorpo-
rated into the polymer matrix using solution-casting method. 
The detailed preparation procedure was noted below.

Firstly, to prepare 0.1% copper-doped nickel oxide, Nickel 
acetate tetra-hydrate (C4H6NiO4.4H2O) and Copper acetate 
di-hydrate (Cu (CH3COO)2.2H2O) were used as a source 
of copper (Cu) and nickel (Ni). In this synthesis procedure, 
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0.25 vol% of polyvinyl alcohol (PVA) was mixed with 
250 ml double-deionized water and continuously stirred at 
60 °C at 1000 rpm until it fully dissolves. After complete 
dissolution of PVA, the solution was kept and wait until it 
came to room temperature. During this time, the calculated 
amount (Ni1 − xCuxO, where x = 0.001) of 200 ml Nickel 
acetate tetra-hydrate (C4H6NiO4.4H2O) and 200 ml Copper 
acetate di-hydrate (Cu (CH3COO)2.2H2O) aqueous solu-
tion were prepared using double-deionized water. Finally, 
these two aqueous solutions were added with PVA solu-
tion at room temperature under continuous magnetic stir-
ring. Thereafter, drop wise required amount of potassium 
hydroxide solution (KOH) was added to the mixture to bring 
the pH at 10. The resulting solution was kept in an air-tight 
container under constant magnetic stirring at 600 rpm for 
proper reaction and crystallization. The precipitated solution 
was centrifuged with a speed 12,000 rpm for 20 min. The 
obtained light green sample (0.1% Cu doped NiO) was then 
washed properly and dried in a vacuum oven at 80 °C for 
36 h to evaporate the remaining part of water. Finally, an 
agate mortar was used to get free flowing light green powder 
sample. The as obtained sample was then annealed at 350 
°C in a muffle furnace of temperature increment rate 5 °C/
minute and holding time for two hours. The sample was 
acronym as CNO1 (350).

To synthesize the CNO/PVDF nanocomposite films, we 
initiated the process by dissolving PVDF pellets within a 
solution of DMF (Dimethyl formamide). This solution was 
homogeneously stirred for one hour at a temperature of 70 
°C. Within this time, the PVDF pellets were completely dis-
solved in the DMF, resulting in a thick, transparent gel. Sub-
sequently, we introduced the necessary weight percentages 
(20%, 25% and 30%) of CNO1 (350) nanoparticles into the 
PVDF gel. To achieve a uniform distribution of these nano-
particles within the polymer, we employed ultrasonication 
for a duration of two hours. The next step involved casting 
the homogeneous mixture of CNO/PVDF onto a glass plate 
to form the nanocomposite films. These glass plates were 
then placed onto a hot plate, where the solvent was gradu-
ally evaporated at 60 °C. We repeated the same procedure 

to prepare a pure PVDF film for comparison. To ensure the 
consistency and accuracy, we measured the thickness of both 
the pure PVDF (PCNO 0) film and the PVDF nanocompos-
ite (PCNO 20, PCNO 25, and PCNO 30) films loaded with 
CNO1 (350) nanoparticles. The precise measurements of 
these film thickness, along with detailed sample specifica-
tions, are provided in Table 1 for reference.

Characterization techniques

The X-ray diffraction (XRD) patterns of pure and nano-
composite films were acquired using a powder X-ray dif-
fractometer (BRUKER AXS, Model D8, WI USA). The 
data were obtained using Cu K� radiation (λ = 1.5405 Å) 
in the range of 2θ values covered was from 100 to 600 with 
scanning rate 0.3s/step. A field emission scanning electron 
microscope (FESEM) model INSECT F50 from FEI in the 
Netherlands was employed for morphological investigations 
at various magnifications, Energy dispersive X-ray (EDX) 
spectrum was used for elemental composition and elemental 
mapping. Fourier transform infrared (FTIR) measurements 
were conducted using a Spectrum 100 IR affinity instrument 
(PerkinElmer, Germany). To determine the zeta potential of 
CNO1 (350) nanoparticles, measurements were performed 
at room temperature with a Zetasizer Nano ZS (Malvern 
Instruments, UK). Dielectric properties ( �′ ), tangent loss 
(tan� ), and ac conductivity ( �

ac
) were examined using an 

Agilent 4294 A Precision Impedance Analyzer at room tem-
perature to investigate the electrical conduction mechanism 
of nanocomposite films.

Results and discussion

Mechanism of CNO‑PVDF composite film formation

The present study delves into the investigation of the inter-
action mechanism between CNO1 (350) nano-fillers and 
the PVDF matrix, shedding light on the formation of CNO/
PVDF interfaces as illustrated in Fig. 1. As demonstrated 

Table 1 Sample Name Sample Specification Film Thickness (m)

PCNO 0 Pure PVDF film 4.3 × 10−2

PCNO 20 20 wt% CNO1 (350) loaded PVDF film 3.9 × 10−2

PCNO 25 25 wt% CNO1 (350) loaded PVDF film 4.2 × 10−2

PCNO 30 30 wt% CNO1 (350) loaded PVDF film 3.6 × 10−2
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in Fig. 2(a), CNO1 (350) nanoparticles exhibited a nega-
tive zeta potential. This negative zeta potential signified an 
overall negative charge present in the CNO1 (350) nano-
fillers that were immersed within the Polymer (PVDF) gel. 
Through the application of solution casting, the closed-chain 
structure of PVDF, which corresponded to its �-phase, 
became accessible, exposing the all-trans planar zig-zag 
(TTTT) conformation feature of the �-phase of PVDF.

With a space group of Fd3m, the composition of CNO1 
(350) was classified as a transition metal oxide of cubic 
rock-salt nanocrystalline system. The divalent metal cati-
ons Cu2+ substituted in the Ni2+ sites of NiO rock-salt 
assembly in the CNO1 (350) structure [39]. Five distinct 
crystalline phases, namely, � , � , � , � and � phases [10, 23, 
40, 55–60], are known to occur in PVDF. The all-trans pla-
nar zig-zag conformation of the �-phase produced a strong 
dipole moment because all of the electric dipoles aligning 
in a single direction.

Due to the electrostatic bonding, the interfaces between 
CNO1 (350) nanofillers and the PVDF matrix developed 
[18–20, 24, 61–63]. This was driven by the positive surface 
charge of the CH2 groups in the PVDF matrix and the nega-
tive surface charge of CNO1 (350) nanofillers, as indicated 
by their negative zeta potential [64–66]. The CNO/PVDF 
nanocomposite films’ overall polarity and polarization 
impact were amplified by the electrostatic interaction.

XRD analysis

The X-Ray diffraction (XRD) patterns of the studied sam-
ples, namely pure PVDF film (PCNO 0), and CNO1 (350) 
nanoparticle-loaded PVDF nanocomposite films (PCNO 20, 
PCNO 25 and PCNO 30), have been extensively examined 
and represented in Fig. 3(a). These patterns offered criti-
cal insights into the crystallographic properties and struc-
tural composition of the materials. It was noteworthy that 
all peaks in the patterns have been systematically assigned 
utilizing the JCPDS database. Specifically, the peaks in the 
XRD pattern of the pure PVDF sample (JCPDS card no. 
10–0325) [54, 61], and the PCNO nanocomposite samples 
were meticulously matched to relevant phases [39, 45]. The 
non-appearance of impurity peaks underscores the excep-
tional purity and phase integrity of the films under scrutiny. 
The outline of XRD pattern of pure PVDF demonstrated 
peaks at different 2θ angles corresponded precisely with the 
non-polar � phase, � phase, and polar �-phase of PVDF. 
These peaks validate the distinct crystalline phases present 
in the pure PVDF film.

Conversely, the peak positions in the XRD patterns of 
the CNO1 (350) nano-filler loaded PCNO nanocomposite 
samples exhibited subtle shifts with increasing loading per-
centages of nanoparticles in the polymer matrix. The emer-
gence of internal lattice strain within the PVDF matrix was  

Fig. 1   Schematic illustration of 
the mechanism of CNO1 (350)-
PVDF composite film formation 
by solution casting approach
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indicated by this occurrence, suggesting the successful inte-
gration of the nanofiller. To further discern the presence of 
phase crystallization in the nanocomposite sample, atten-
tion was directed towards the differences in relative intensi-
ties of the (311) peak, specifically situated around 36°. The 
observed variation in the peak intensity was attributed to 
the alternations in phase crystallization within the PCNO 
nanocomposite samples. This phenomenon underscores the 
successful integration of CNO1 (350) nanoparticles into the 
PVDF matrix. This integration led to intriguing electrostatic 
interactions, as elaborated in forthcoming discussions. These 
interactions were characterized by the negatively charged sur-
face of CNO1 (350) nanoparticles engaging with the posi-
tively charged hydrogen ligands within the PVDF host matrix 
[18–20, 24, 61–63]. 

FTIR analysis

FTIR Spectroscopy was employed to investigate how 
nanoparticles affect the electroactive �-crystalline phases 
within the PVDF. The obtained spectra, as shown in 
Fig. 3(b), revealed distinct vibrational bands that were 
associated with different phases. Specifically, vibrational 
bands at 763, 1149, and 1214 cm−1 were attributed to the 
�-phase [29, 30, 67] of the pristine PVDF. On the other 
hand, bands observed at 850 and 1277 cm−1 were indica-
tive of the �-phase [29, 30, 67–69], while the peaks at 
1232 cm−1 corresponded to the �-phase [56].

From the analysis of Fig. 3(b), a notable observation 
was that the intensity of the �-phase bands decreased, 
while the peak at 850 cm−1, corresponding to the �-phase, 
increased in intensity, with the progressive addition of 
CNO1 (350) nanoparticles. This phenomenon implied that 
the CNO1 (350) nanoparticles were present and enhanced 
the �-phase development within the PVDF matrix. This 
enhancement was primarily ascribed to the interfacial 
interaction that occurred between the CNO1 (350) nano-
particles and the PVDF matrix.

Furthermore, as the weight% of the filler increased, the 
appearance of the �-phase became evident. This indicated 
the possibility of nucleation of the filler particles, as was 
also supported by evidence from XRD analysis.

To quantify the relative fraction of the �-phase, the 
researcher utilized the Beer-Lambert law [40], which 
involved calculating the absorbance values at specific 
wavenumbers (763 cm−1 for �-phase and 850 cm−1 for 
�-phase):

where, A(� ) and A(� ) corresponds to the absorbance at 
850 cm−1 and 763 cm−1 respectively.

This calculation provided insights into the proportion of 
the �-phase present. The findings were visually represented 
through a diagram in Fig. 3(c). This diagram illustrated a 

F(�) =
A(�)

1.26A(�) + A(�)

Fig. 2   a  Graphical representa-
tion of zeta potential and its 
value for the sample CNO1 
(350)  b  Schematic diagram of 
Probable 𝛽-Phase enhancement 
Mechanism of CNO-PVDF 
composite
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gradual increase in the �-phase fraction as the filler loading 
increased up to 25 wt % of CNO1 (350). Specifically, in the 
25 wt % CNO1 (350)-loaded PVDF composite film (referred 
to as PCNO 25), the number of aligned chains exhibiting an 
all-transplanar zig-zag (TTTT) conformation was effectively 
increased. Consequently, the enhancement resulted in a suc-
cessful rise of the �-phase fraction to 68.2%, compared to 
the 38.9% observed in the unmodified PVDF [Fig. 3(c)].

However, as the concentration of CNO1 (350) nanofill-
ers within the PVDF matrix was further increased, the �
-phase percentage was diminished. This phenomenon was 
particularly evident in the case of PCNO 30, where the �
-phase percentage drops to 55%. This reduction was attrib-
uted to the constrained movement of polymer chains in 
all transplanar zig-zag (TTTT) conformation when higher 
nanofiller loading percentages made the agglomeration 
effect more pronounced. Consequently, this constraint lim-
ited the crystallization of the �-phase within the composite 
system. Figure 3(d) represents a schematic diagram of �
-phase enhancement of 25 wt% CNO1 (350) doped PVDF 
sample (PCNO 25).

The following explanation explained the all-transplanar 
zig-zag (TTTT) conformation, and the amplification of the 
polar �-phase in all CNO/PVDF composite films when com-
pared to PCNO 0 (PVDF without fillers).

In Fig. 2(a), a negative zeta potential of around –8.23 
mV was depicted for CNO1 (350) nanoparticles [70]. This 
negative zeta potential indicated the presence of a negative 
charge across the surface of the nanoparticles when they 
were immersed within the PVDF gel. In context of FTIR 
absorption spectra, it was revealed that compared to pure 
PVDF (referred to as PCNO 0), the �-phase percentage in 
CNO -PVDF composite films were enhanced which can be 
attributed to the ion-dipole interaction between the surface 
charge of CNO1 (350) and the positively charged -CH2- 
dipoles of PVDF in the nanocomposite films [18–20, 24, 
56, 61–63, 71]. This interaction enhanced the polarization 
effect within the PVDF matrix, supported by the electroac-
tive characteristics of the CNO1 (350) nanoparticles. This 
augmentation made these composite films progressively 
more polarized and electroactive compared to the pure 
PVDF (PCNO 0) [18–20, 24, 56, 61–63, 71].

Fig. 3   a  XRD patterns  b  FTIR 
spectra analysis  c  𝛽-phase 
enhancement with sample 
concentration of our prepared 
samples and  d  Schematic rep-
resentation of the enhancement 
in 𝛽- phase fraction of sample 
PCNO 25
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FESEM analysis

Figure 4(a-i) represented the FESEM micrographs, offer-
ing crucial insights into the enhanced �-phase crystalliza-
tion of PVDF host material through structural morphol-
ogy variations in CNO/PVDF nanocomposite films [61, 
72–74]. Red circle showing the spherulite structure of 
PVDF spherulite structures. The observed surface mor-
phologies of both pure PVDF and CNO1 (350) nanopar-
ticle decorated PVDF nanocomposite membranes were 
detailed in this section, using representative micrographs 
to distinctly highlight the differences.

As indicated in our previous study, the microstructure of 
CNO1 (350) nanoparticles appeared mostly non-spherical 
agglomerated morphology with consistent size exhibiting 
micropores and larger specific surface areas [39] which is con-
sistent with both FESEM observations and XRD analysis results.

The surface morphology of pure PVDF film (in our 
case PCNO 0) exhibited a combination of spherulite and 
radial lamellar structures as presented in previous litera-
tures [18–20, 24]. The presence of spherulites confirmed the 
existence of the polar �-phase, while the lamellae indicated 
the non-polar �-phase. Hence, the PCNO film displayed a 
mixture of � and �-phases but with a slightly greater pres-
ence of the �-phase.

A distinct contrast in surface morphology between pure 
PVDF and CNO1 (350) incorporated PVDF was evident from 
the micrographs in Fig. 4(a-i). The crystalline phases in PVDF 
were known to change with the modification of synthesis 
methods and nanofiller content. The incorporation of CNO1 
(350) nanofiller led to a more pronounced presence of the polar 
�-phase, primarily in the form of bubble-like spherulites.

As nucleation centers in the PVDF matrix, CNO1 (350) 
nanoparticles promoted the transition from the �-phase to 
the electroactive �-phase. This transformation was evidenced 

by the prevalence of bubble-like spherulite structures on the 
surface of PCNO 0, PCNO 20, PCNO 25 and PCNO 30 films 
[19, 20, 61–63, 75]. The role of CNO1 (350) nanofillers was 
crucial in promoting the alignment of molecular dipoles, 
resulting in enhanced crystallization of the polar �-phase. 
The presence of bubble-like spherulite structures across the 
film surface signified the enhanced �-phase crystallization 
due to the CNO1 (350) nanofillers. The details regarding 
the variations in phase crystallization in PCNO 0, PCNO 
20, PCNO 25, and PCNO 30 films were also discussed in 
the FTIR section. As a result, this significant improvement 
validated the potential of PCNO nanocomposite materials 
for diverse applications in the field of dielectric, capacitive 
and energy storage devices etc.

EDX and elemental mapping analysis

The EDX analysis and corresponding elemental area map-
ping of sample PCNO 25 were represented in Fig. 5(a-h), 
respectively. These findings definitively confirmed the 
presence of Copper (Cu), Nickel (Ni), and Oxygen (O) 
ions within the PCNO 25 nanocomposite film, which cor-
responded to the CNO1 (350) nanofillers used in the CNO/
PVDF composite materials. The Carbon (C) peak in the 
EDX analysis might arise due to the use of carbon tape dur-
ing FESEM observation or due to the PVDF polymer. The 
presence of Fluorine (F) due to utilization of PVDF was also 
verified from the EDX spectrum and elemental mapping. No 
peak corresponding to Hydrogen (H) was recorded due to 
the limitation of EDX and elemental mapping. Furthermore, 
the elemental area mapping of the PCNO 25 composite film 
exhibited a nearly uniform distribution of all the ions includ-
ing Nickel (Ni), Copper (Cu), and Oxygen (O), within the 
composite film.

Fig. 4   FESEM micrograph of our prepared sample at various magnifications:  a ,  b  PCNO 20;  c ,  d  PCNO 25; and  e ,  f  PCNO 30
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Probable β‑Phase enhancement mechanism

The XRD, FTIR, and morphological analyses of the nano-
composite films validate the introduction of 0.1% copper 
doped nickel oxide nanoparticles [CNO1 (350)] into the 
PVDF matrix, prompting a notable increase in the electro-
active �-phase formation. Unlike neat PVDF films, which 
predominantly contain the �-phase, the incorporation of 
CNO1 (350) promotes the transformation of PVDF into the 
electroactive �-polymorph. This transformation results from 
both the inclusion and uniform dispersion of CNO1 (350) 
within the PVDF matrix.

The interaction occurring between copper doped nickel 
oxide nanoparticles and the polymer matrix is an impor-
tant topic to investigate here since it actively facilitates 
the formation of the electroactive �-phase. Strong interac-
tions between the implanted nanoparticles and the PVDF 
matrix are primly responsible for the significant enhance-
ment of the electroactive �-phase fraction. One driving 
force for this transformation is the ion-dipole interaction 
occurring between the PVDF matrix and the copper doped 
nickel oxide nanoparticles. Figure 2(a) displays the graph 
depicting CNO1 (350) nanoparticles with a negative zeta 
potential, of approximately − 8.23 mV. This negative 
zeta potential plays a crucial role in enhancing the elec-
troactive �-phase fraction of CNO/PVDF nanocomposite 
films compared to pure PVDF (PCNO 0) films. Previous 

research has indicated such interactions, as PVDF chains 
with partially positive -CH2 dipoles exhibit strong elec-
trostatic attractions with the negatively charged nanopar-
ticle surfaces [56, 71]. This interaction leads to the align-
ment of PVDF chains on the nanoparticle surfaces in an 
extended all-trans (TTT) conformation, ultimately form-
ing the electroactive �-phase. The nanoparticles’ surfaces 
serve as nucleation sites for the �-phase formation. The 
electroactive �-phase formation process is explained by 
the schematic diagram in Fig. 2(b), which illustrates the 
ion-dipole interaction mechanism between the nanoparti-
cles and polymer chains. It is noteworthy that our finding 
indicates the presence of a minor amount of the electroac-
tive �-phase in the loaded PVDF films. This occurrence 
may be linked to the gauge effect, potentially emerging 
from local internal chain rotations.

Thermal properties analysis

Figure 6 shows the DSC thermograph of pure PVDF and 
CNO1 (350) nanoparticles-loaded PVDF composite films. 
The melting peak at 170.06 °C in the pure PVDF thermograph 
corresponds to the nonpolar α polymorph of PVDF [21, 53]. 
This phenomenon suggests a morphological change in the 
crystallinity of PVDF, specifically the transition from nonpo-
lar α crystal morph (TGTG conformation) to β crystal morph 
(TTTT conformation). In good conformity with XRD results, 

Fig. 5   a  Energy Dispersive 
X-ray (EDX) micrograph  
b  Corresponding percentage of 
elemental composition and  c - 
h  Elemental area mapping for 
sample PCNO 25.  
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this change occurs. The melting temperature (Tc) changes 
with the loading of CNO1 (350) NPs. The CNO1 (350) NPs 
play an important role as a nucleating agent for PVDF, as 
suggested by this result. Equation (1) [21, 46, 76] was used to 
quantitatively measure the degree of crystallinity (Xc).

The symbol �H
m

 represents the melting enthalpy or 
enthalpy of fusion, while �H0 denotes the melting enthalpy 
of pure PVDF. In Fig. 6(b) and (c), the enthalpy of fusion 
( �H

m
 ) and the degree of crystallinity ( �

c
 ) of both pure and 

composite PVDF films are depicted. Figure 6(c) illustrates 
that the enthalpy of fusion and the degree of crystallinity 
( �

c
 ) increase up to a loading of 25 wt % of CNO1 (350) NPs 

in the PVDF matrix, after which they decrease with further 
loading of the CNO1 (350) NPs. The maximum degree of 
crystallinity ( �

c
 ) achieved was 90.04% for PCNO 25.

Electrical properties analysis

The assessment of frequency-dependent dielectric response 
stands as a pivotal metric in comprehending the characteris-
tics of CNO/PVDF nanocomposite films, especially in their 
potential applications for energy storage and electromagnetic 
interference (EMI) shielding applications. This response is 
encapsulated in the real part of the dielectric constant ( �′ ), 
a parameter calculated using the formula,

[31, 44, 47, 53, 77–80] and 

[44, 53, 78–80] where C represents the capacitance of the 
sample, d and A denote thickness and cross-sectional area 
of the pellet, and �

0
 symbolizes the free space permittivity. 

Notably, the figures in our study, Fig. 7(a) and (d), offer 

(1)Crystallinity % =
ΔH

m

ΔH0
× 100

(2)�� =
C.d

�
0
A

(3)��� = �� × tan �

a compelling visual narrative. They illustrate a gradual 
increase in the real part of the dielectric constant ( �′ ) from 
PCNO 0 to PCNO 25, with PCNO 25 exhibiting the high-
est value ( �� ∼63). The underlying mechanisms behind this 
phenomenon are two-fold:

Firstly, the incorporation of CNO1 (350) nanoparticles in 
PVDF leads to an increase in the β-phase crystallization, which 
corresponds to an increase in �′ . This is evident from the FTIR 
spectra, where the �-phase fraction (F ( �)%) peaks at PCNO 25.

Secondly, the Maxwell-Wagner-Sillars interfacial polari-
zation effect [44, 48, 81] comes into play in heterogeneous 
media, like these nanocomposite films, causing the accumu-
lation of free charges at interfaces. The number of effective 
interfaces increases with higher CNO1 (350) nanoparticle 
loading, optimizing at 25 wt% (PCNO 25). However, beyond 
this threshold value 25 wt% (PCNO 25), excessive nano-
particles lead to agglomeration, reducing effective inter-
faces and subsequently decreasing the overall dielectric 
performance. Furthermore, our observations reveal that the 
dielectric response experiences a decrease (~ 60 to ~ 42 for 
PCNO 25 sample) with an increasing frequency (40 Hz to 1 
MHz) at room temperature (RT). This decrement tendency is 
attributed to electrons lagging behind the alternating electric 
field beyond a certain critical frequency. In Fig. 7(b) and (e), 
it is observed that the dielectric loss decreases from ~ 10 to 
0.09 for PCNO 25 sample with increasing frequency up to 
20 kHz at room temperature, primarily because of the space 
charge polarization. The higher CNO1 (350) nanoparticle 
content is primarily responsible for increasing tanδ due to 
the formation of conducting pathways between the nano-
particles in comparison to PVDF. For further increment of 
the frequency after 10 kHz the dielectric loss increases from 
~ 0.1 at 10 kHz to 0.3 at 1 MHz because of the dissipation 
of energy due to the externally applied electric field within 
the composite matrix further contributing to the escalation 
of tanδ. In direct comparison to pure PVDF (PCNO 0), the 
CNO/PVDF nanocomposite films manifest a more pro-
nounced frequency dependence within the lower frequency 
range (below 10 kHz). Moreover, the heightened frequency 

Fig. 6   a, b DSC thermograph of pure PVDF and CNO1 (350) nanoparticles-loaded PVDF composite films and c Diagram of change in crystal-
line % of CNO1 (350) nanoparticles-loaded PVDF composite films
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dependence observed in the composite is attributed to the 
unique polarization mechanisms intrinsic to CNO1 (350) 
nanoparticles. These mechanisms involve the rapid reorien-
tation of dipoles within the nanoparticles in response to the 
alternating electric field, leading to increased losses (~ 0.1 at 
10 kHz to 0.3 at 1 MHz) at higher frequencies. However, as 
the frequency surpasses 10 kHz, a shift occurs in the domi-
nant relaxation mechanism within the composite. At this 
point, the relaxation mechanism within the frequency range 
10 kHz to 100 kHz associated with the β-phase of PVDF 
becomes more prominent, exerting a greater influence on 
the overall dielectric behavior of the material. This transition 
suggests a dynamic interplay between the polarisation mech-
anisms of CNO1 (350) nanoparticles and the intrinsic prop-
erties of PVDF, ultimately shaping the composite’s response 
to varying frequencies from 40 Hz to 1 MHz. Understanding 
this frequency-dependent behavior is crucial for optimiz-
ing the performance of the composite in specific applica-
tions requiring tailored dielectric properties across differ-
ent frequency ranges. Rather than Maxwell-Wagner-Sillars 
interfacial polarization as observed at lower frequencies, the 
dielectric loss tangent of the CNO/PVDF nanocomposite 
films in the higher frequency range (above 100 kHz) aligns 
well with the loss tangent behavior seen in the pure PVDF 
(PCNO 0) system. Figure 7(c) and (f) depict the assess-
ment of the electrical conduction mechanism through ac 
conductivity measurements. Prior studies have consistently 

emphasized the trend of increasing ac conductivity (2 � Ω 
cm-1 to 500 � Ω cm-1) with the frequency of the applied 
alternating electric field in nano-filler loaded PVDF nano-
composites. This phenomenon is typically attributed to the 
heightened migration of induced free charge carriers across 
grain boundaries within the composite structure. However, 
our research findings, as illustrated in Fig. 7(c), unveil a 
compelling departure from this conventional expectation. 
Surprisingly, the ac conductivity observed across all nano-
composite samples demonstrates complete independence 

Fig. 7   Plots of a Dielectric constant b Loss tangent and c ac conduc-
tivity at room temperature, with varied frequencies (40  Hz-1  MHz) 
of prepared samples. The plots of d dielectric constant e tangent loss 

and f ac conductivity at different frequencies (40 Hz, 100 Hz, 1 kHz, 
100 kHz, and 1 MHz) at room temperature of prepared samples

Table 2   A comparative study of dielectric constant of CNO1 (350) 
nanoparticles incorporated PVDF film with some commercially avail-
able and previously reported polymer-based separators

Sl no Materials Dielectric 
constant

Reference

1 ZnO/PVDF 13.01  [82]
2 Ca doped ZnO/PVDF 15  [83]
3 Fe doped ZnO/PVDF-TrFE 21.03  [84]
4 MgO/PVDF 35  [49]
5 BaTiO3 /NiO/PVDF 24  [54]
6 Li3+irradiated PVDF 6.8  [54]
7 Li3 + irradiated (0.8) PVDF/

(0.2) BaTiO3
10.7  [50]

8 PVDF/PPG/LiCl + SrTiO3 4.3  [25]
9 This work 63
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from the frequency of the applied electric field, challenging 
the established understanding of electrical conduction in 
such materials. This unexpected behavior suggests the pres-
ence of unique conduction pathways or mechanisms within 
our composite system, warranting further investigation to 
unravel the underlying principles governing its electrical 
properties Table 2.

Conclusion

PVDF composite films were prepared using the solu-
tion casting method and filled with CNO1 (350) nano-
flakes synthesized through a modified chemical synthesis 
approach. The results from X-ray diffraction and FT-IR 
analyses reveal that the inclusion of CNO1 (350) filler 
promotes the organization of crystalline chains within 
the polymer matrix, inducing the growth of polymorphic 
�-phase crystallites through heterogeneous nucleation. 
FESEM results demonstrate the agglomeration of CNO1 
(350) nanoflakes as hierarchical-like structures within the 
polymer matrix, albeit with a homogeneous dispersion. In 
accordance with percolation theory, the conductivity of the 
composite films is influenced by interparticle spacing and 
CNO1 (350) filler content, with a percolation threshold 
identified at approximately 25 wt%. The obtained dielectric 
constant in our samples is more than six times larger than 
that of the bare PVDF film without a filler. A proposed 
explanation for this behavior attributes the improvement 
in dielectric properties to Maxwell–Wagner polarization 
as the primary mechanism. These findings suggest that 
CNO1 (350)/PVDF composite films hold potential for the 
production of electronic devices with enhanced dielectric 
and electrical characteristics, such as high charge-storage 
capacitors or flexible electronic devices.
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