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Ferrite-doped rare-earth nanoparticles for
enhanced B-phase formation in electroactive PVDF
nanocomposites
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M'hammed Mazraoui,” Fatima-Zahra Semlali © ** and Mounir El Achaby@*a

This study offers a novel method for improving the piezoelectric characteristics of polyvinylidene fluoride
(PVDF) by adding lanthanated CoFe,O4 nanoparticles (CLFO), thereby addressing the critical need for
effective renewable energy solutions. The novelty of this work lies in the synthesis of CLFO nanoparticles
and their integration into the PVDF matrix, with polyvinylpyrrolidone (PVP) employed to ensure uniform
dispersion. This was accomplished by a special co-precipitation and heat treatment procedure.
Nanocomposite films were created using solvent casting with a range of CLFO concentrations (1, 3, 5,
and 7 wt%). The structural, morphological, mechanical, and thermal properties of these films were all
thoroughly assessed. A remarkable improvement over conventional techniques was found using X-ray
diffraction and Fourier transform infrared spectroscopy, which showed up to 80% B-phase development
with 3 wt% CLFO. While thermogravimetric studies showed enhanced thermal stability, scanning
electron microscopy verified homogeneous nanoparticle dispersion. Mechanical tests revealed ideal
stiffness, strength, and ductility at 3 wt% CLFO. Significant advances in electronics and energy harvesting
are anticipated from this novel combination of PVDF's piezoelectric properties and CLFO reinforcement.
By minimally influencing the environment, these advancements not only tackle the world's energy
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1. Introduction

In the last few years, energy scarcity has become a growing
problem. The excessive use of fossil fuel-based non-sustainable
energy supplies, like natural gas, coal, and petroleum, is the
main driver of pollution and global warming, among other
environmental issues." Moreover, overexploitation of these
energy sources makes it very difficult to provide sufficient
energy for the next generation while the population is growing
rapidly.>* Therefore, to meet future energy needs, the develop-
ment of renewable, environmentally friendly, and affordable
energy sources is becoming increasingly vital. Furthermore,
low-power systems can now be developed as a result of modern
electronic system integration and downsizing. Other methods
of supplying energy have been developed as a result of this.*
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problems but also present prospective uses for renewable energy technologies.

Ambient energy is all around us, and using it as an energy
source for electronic microsystems seems to be a realistic and
feasible idea. Energy harvesting, a reliable power source for low-
power electronic devices, is a simplified technique that effi-
ciently converts lost energy into useable electricity. The past few
years have witnessed an important rise in the popularity and
acceptance of this strategy.>® In addition to extensive energy
harvesting using environmental resources such as solar energy,
heat, and wind, mechanical vibration-based energy harvesters
have been developed. These energy harvesters have greater
potential, a longer lifespan, and a relatively high power density.
There are a number of techniques, including the electromag-
netic, electrostatic, and piezoelectric effects, for converting
mechanical vibrations into electrical energy.*”

Due to their simple configuration, piezoelectric energy har-
vesting (PEH) systems have gained more attention. One of the
important discoveries of the 19th century would include the
piezoelectric phenomenon.® Kawai (1969) found that substan-
tial piezoelectric effects were observed in some polymers,
specifically polyvinylidene difluoride (PVDF).® Since then,
piezoelectric polymers have drawn a lot of interest from the
scientific community due to their extensive prospective uses in
situations requiring the use of specially adapted microdevices.*®
PVDF and its copolymer P(VDF-TrFE) represent examples of
polymers with exceptional piezoelectric properties. According to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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published research, polymers often have good flexibility, light
weight, adaptability, and low acoustic impedance."*™ And these
features make polymers attractive choices for smart elec-
tronics.'** PVDF has a simple chemical structure with the main
unit of (-CF,-CH,-) type. PVDF has five main crystalline phases,
namely, phase I (&), phase II (), phase III (y), phase IV (g), and
phase V (&), with the first two structures being common. The
mechanical, electrical, and thermal processing parameters
utilized in producing the PVDF film determine how much of
each phase is present in relation to the other. The non-polar a-
phase, which lacks piezoelectric characteristics, is the most
prevalent form. All of the polymer's pyroelectric and piezoelec-
tric characteristics are attributed to the strongly orientated B-
phase alone.” PVDF has been extensively researched because of
its strong mechanical strength, unique thermal stability, and
chemical resistance. This has an impact on the creation of
electronic devices since PVDF is more flexible and has superior
electrical properties compared to conventional materials.*
The piezoelectrically active B-phase possessing the highest
piezoelectric, ferroelectric, and pyroelectric coefficients along
with a great dielectric constant is the most technologically
interesting one and highly effective for a variety of energy har-
vesting applications, including sensors and wearable elec-
tronics.” This can be achieved through a variety of techniques:
first, by uniaxial or biaxial stretching of crystallized PVDF films,
a method commonly used in industry; second, by crystallization
of the molten polymer at high pressure; third, by inducing
crystallization from solution under certain conditions; and
finally, by applying high electric fields.***® In addition, some
studies have shown that PVDF with piezoelectric properties can
be generated by nucleating charges added to the PVDF matrix to
produce nanocomposites using simple phase transitions by
solvent casting.” Among the commonly used materials in the
form of ceramic is PZT. Chang et al.*® fabricated PZT nanofibers
via electrospinning and incorporated them into a PVDF
composite film as a dielectric filler. Even with a low volume
fraction of 2.4% PZT nanofibres, the composite film achieved
the desired dielectric constant and exhibited a piezoelectric
coefficient (ds3) of about 87.4 pC N, Choi et al.>® examined the
mechanical and electrical properties of a piezoelectric hybrid
structure comprising zinc oxide (ZnO) nanowires and PVDF.
The ZnO nanowires enhanced the deformation range trans-
ferred to the PVDF during mechanical stress, consequently
boosting the output power of the hybrid nanogenerator. On the
other hand, a larger strain was applied to the PVDF within the
hybrid structure as a result of NW addition, which modified the
mechanical stiffness (Young's modulus) of the hybrid structure,
leading to an improvement in electrical output production. In
addition, the significant results obtained through our teamwork
in the field of PVDF-based nanocomposite films are noteworthy.
El Achaby et al.** synthesized PVDF nanocomposite films with
multiwalled  carbon  nanotubes coated with  poly-
vinylpyrrolidone (PVP-coated MWCNTs). As a result, PVDF
nanocomposite films with significantly improved mechanical
properties and enhanced p-phase polymorphism at low
MWCNT content were obtained with a PVP coating (0.1 wt%).
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Lately, spinel structures have emerged as an intriguing
additive to polymer matrices, captivating researchers with their
remarkable ability to boost the structural, mechanical and
thermal properties of polymer matrices, paving the way for
advancements in different fields such as energy harvesting and
energy storage and beyond. In this context, Hanan et al.
demonstrated that the addition of Co;0, nanoparticles to
chitosan/polyvinyl alcohol (CS/PVA) nanocomposite films
enhanced their optical, mechanical, thermal, and antibacterial
properties, making them suitable for optoelectronics and bio-
logical applications.?” In addition, Elamin et al. discovered that
the addition of Fe;0, to the poly(methyl methacrylate) (PMMA)/
polyaniline (PANI) composite is well-suited for electromagnetic
and optical applications due to its ability to significantly
enhance the structural, optical, and magnetic properties.>
Among these spinel materials, cobalt ferrite spinel CoFe,0, has
attracted research attention because it has superior resistance
to heat, high resistivity, great chemical stability, simple prepa-
ration and controllable structure.”* Indeed, many studies have
focused on the magnetic and electrical properties of PVDF when
doped with CoFe,O, nanofillers, highlighting significant
enhancements.” However, only a few studies have delved into
the structural, mechanical, and thermal effects of these addi-
tives on the overall properties of the PVDF-based
nanocomposite.

In this regard, scientists have been exploring the potential
for enhancing the properties of spinels by different methods.
Doping ferrite nanoparticles with rare-earth elements presents
a novel approach to significantly enhancing the functional
properties of spinel ferrites. The substitution of Fe*" ions with
rare-earth ions, even in small amounts, induces structural
changes and strain within the spinel lattice, leading to
substantial improvements in the material's magnetic and elec-
trical properties.* While the potential of rare-earth-doped
ferrites has been explored, incorporating them into a PVDF
matrix for the first time offers a unique opportunity to develop
a multifunctional nanocomposite.”””®* The modified ferrite
particles effectively promote the nucleation of the B-phase in
PVDF. Incorporating ferrite particles as fillers into the PVDF
matrix not only facilitates f-phase formation but also increases
the dielectric value due to significant interfacial polarization
and the enhancement of electric dipoles. The nucleation of the
electroactive B-phase and the resulting high dielectric proper-
ties of PVDF create a material with great potential for
mechanical energy harvesting through the piezoelectric effect,
as well as for electrical energy storage. As a result, the nano-
composite exhibits enhanced dielectric, ferroelectric, and
magnetoelectric properties,>?® making it well-suited for
a variety of advanced applications, such as energy harvesting,
sensors, and flexible electronics.?*

This work has been developed with a novel approach
involving for the first time the synthesis of a lanthanum-doped
ferrite incorporated into PVDF to enhance the electroactive B-
phase. However, despite the high nucleation capability for the
B-phase, this type of nanocomposite still suffers from inho-
mogeneity and agglomeration, as the nanoparticles tend to
cluster together due to their well-known magnetic properties.

RSC Adv, 2024, 14, 38872-38887 | 38873


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06192f

Open Access Article. Published on 09 December 2024. Downloaded on 3/16/2026 4:46:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

To address this, a novel approach is employed in this work:
polyvinylpyrrolidone (PVP) is used as a surface modifier to
achieve better dispersion of the nanoparticles and improve their
interaction within the PVDF matrix. This dual approach aims to
enhance the B-phase content through improved interactions:
first between PVDF and PVP, and then between the nano-
particles and PVDF. This strategy addresses the current gaps in
the literature concerning the use of rare-earth-doped spinel
ferrites in polymer nanocomposites for energy harvesting and
aims to optimize both mechanical and piezoelectric properties.

2. Materials and experimental details

2.1. Materials

Dimethylformamide (DMF, >99.8%) was used as the solvent and
purchased from Alfa Aesar. The chemicals utilized in this study
were obtained from Sigma-Aldrich, including polyvinylidene
fluoride (PVDF) in powder form, which melts at 177 °C and has
a density of 1.78 ecm®, and polyvinylpyrrolidone (PVP), which has
a melting point of 150 °C and a density of 1.2 g cm . Cobalt
nitrate (Co(NO;),-6H,0), lanthanum nitrate (La(NO3);-6H,0)
and iron chloride (FeCl;-6H,0) were sourced from Sigma-
Aldrich as well. They were all used without any further
modification.

2.2. Synthesis of cobalt ferrite doped with lanthanum (La)

CLFO nanoparticles were prepared by a coprecipitation
method using analytical grade cobalt nitrate (Co(NO3),-6H,0),
lanthanum nitrate (La(NOj);-6H,0), iron chloride (FeCl;-
-6H,0) and sodium hydroxide (NaOH). To obtain a 0.4 M
solution, each metal salt was separately dissolved in deionized
water according to its stoichiometric ratio. An NaOH aqueous
solution was introduced to the mixture at once to reach pH 13
under magnetic stirring, resulting in a change in color to
brown (precipitate). The mixture was then heated for one hour
at 70 °C with continuous magnetic stirring. Following this
step, the formed precipitate was rinsed with deionized water to
remove nitrates, and dried in an electric oven at 100 °C over-
night. The resulting solid was ground using a mortar. After-
ward, these nanoparticles were subjected to a 3 hour
calcination process at 600 °C under an oxygen atmosphere (see
Fig. 1).

2.3. Preparation of nanocomposite films

PVDF-based nanocomposite films were prepared through
a solvent casting route. The prepared (CLFO) nanoparticles
were fully dispersed in dimethyl formamide (DMF) by ultra-
sonic stirring in a beaker for one hour. Polyvinylpyrrolidone
(PVP) was uniformly introduced into the suspension at
a consistent ratio of 10% to facilitate surface modification of
the nanoparticles. This was achieved by subjecting the mixture
to ultrasonic stirring in a beaker for a duration of two hours.
Next, the polyvinylidene fluoride (PVDF) powder was dissolved
in the appropriate proportion in DMF with continuous stirring
for 3 hours. The PVDF solution and surface-modified nano-
particle suspension were thoroughly mixed after prolonged
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ultrasonic agitation, and homogeneous suspensions of
XCLFO/PVP/PVDF with 1 wt%, 3 wt%, 5 wt% and 7 wt% CLFO
nanoparticles were obtained. XCLFO/PVP/PVDF suspensions
as well as pure PVDF and PVDF/PVP solutions were deposited
on a glass substrate to obtain films. The films thus prepared
were dried at 120 °C for 2 hours to evaporate the solvent, and
then removed from the substrate. The pure PVDF and PVDF/
PVP films prepared were labelled “PVDF” and “PVDF/PVP”,
respectively, while the PVDF based nanocomposite films were
labelled “XCLFO/PVP/PVDF”. X indicates the loading amount
of CLFO in the nanocomposite films (X = 1, 3, 5 and 7 wt%)

(Fig. 1).

3. Characterization techniques

3.1. X-ray diffraction

X-ray diffraction (XRD) analysis was carried out utilizing
a Bruker D8 Discover with Cu Ko radiation (A = 1.54184 nm)
over a 260 range of 10° to 70° for the examination of nano-
particles and in the range of 15-25° for the developed nano-
composite films while maintaining a 40 kV voltage and 100 mA
current.

3.2. Fourier transform infrared spectroscopy

FTIR spectra of the nanoparticle powder along with neat PVDF,
PVDF/PVP and XCLFO/PVP/PVDF films were recorded using
a PerkinElmer Spectrum 2000 equipped with an ATR accessory
for the films and a KBR accessory for the powder. Each spec-
trum was acquired in the range of 400-4000 cm " for nano-
composites, and in 600-4000 cm " for the nanoparticle powder.
The samples were analyzed with an accumulation of 16 scans

and a resolution of 4 cm™.

3.3. Raman spectroscopy

Raman scattering spectroscopy was performed to investigate
the vibrations of the prepared nanoparticles using a HORIBA
LABRAM-HR Evolution instrument under green laser irradia-

tion in the wavenumber range 150-1000 cm ™.

3.4. Scanning electron microscopy

To describe the morphology of nanoparticles and evaluate their
dispersion in the polymeric matrix of films, a Zeiss EVO 10
scanning electron microscope (Carl Zeiss Microscopy, GmbH,
Jena, Germany) was used. The films were cryofractured under
liquid nitrogen to acquire a clean and precise fracture surface.
Prior to scanning, the samples were coated with a thin layer of
gold to improve their conductivity.

3.5. Thermogravimetric analysis

Thermal stability and degradation behaviors of all PVDF, PVDF/
PVP and nanocomposite XCLFO/PVP/PVDF films were studied
by thermographic analysis using a Discovery TGA (TA Instru-
ments). The samples were heated between 25 and 700 °C at
arate of 10 °C min ™" in the presence of nitrogen with a gas flow
of 20 ml to avoid oxidation effects.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic of the synthesis protocol of the CLFO nanoparticles and the protocol of preparation of PVDF nanocomposite films based CLFO

nanoparticles.

3.6. Differential scanning calorimetry

The behavior of elaborated films during melting and crystalli-
zation was examined with Differential Scanning Calorimetry
(DSC) using a TA Instruments Discovery DSC. During the
analysis process, the samples were gradually heated from 20 to
200 °C at a rate of 10 °C min". Then, they were held at 200 °C
for three minutes to eliminate any preceding thermal or
mechanical effects. To better observe the samples’ crystalliza-
tion behavior, they were then cooled from 200 °C to —80 °C,
likewise at a rate of 10 °C min ™. After a stabilization period of
three minutes at —80 °C, the samples were heated back from
—80 to 200 °C at a similar rate as before to examine their
melting properties.

The degree of crystallinity (X.) was calculated according to
the following equation:

AH,

X0 = T am,
mg

% 100 (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Here, F represents the weight fraction of PVDF, and the melting
enthalpy of fully crystalline PVDF (AH,,) is set at 104 ] g~ %

3.7. Tensile test

The tensile properties of elaborated films were evaluated
according to the ASTM D882-00 standard with a universal
testing machine (SHIMADZU, Kyoto, Japan) equipped with a 1
kN load cell. The film samples were split into 10 x 80 mm?
rectangles, with a gauge length of 50 mm and a moving clamp
speed of 5 mm min . Each test was conducted on at least five
samples, and the average results were reported.

4. Results and discussion
4.1. Structural characteristics of CLFO nanoparticles

X-ray diffractogram (XRD) analysis was used as a final charac-
terization technique to verify the crystalline phase and structure
of the synthesized particles. The diffraction patterns were

RSC Adv, 2024, 14, 38872-38887 | 38875
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examined to ensure the successful formation of the desired
crystal phases and to verify the purity and structural integrity of
the materials.*?

Fig. 2 shows the XRD of the cobalt ferrite doped with
lanthanum (La) rare earth element (CLFO) which illustrates
eight prominent peaks attributed to the cubic spinel structure
of CoFe,0y,, as identified by JCPDS No. 22-1086.** Since (La) ion
is not evidently associated with any secondary phases, it is fully
integrated into the spinel lattice.** Using the Scherrer formula
(2), the (311) plane of the spinel structures was used to calculate
the size of the crystallites:*

_09x%x2
T Bxcosb

(2)

Here, D stands for the crystallite size in nanometers, A denotes
the wavelength of Co Ko radiation (1.78897 A), 8 indicates the
full width at half maximum (FWHM), and 6 represents the
diffraction angle of the most prominent peak.*® The crystallite
size remains within the range of 10.85 nm. Using the relation:

a = \/h2+k2+lz><dhk[ (3)

After calculation, the produced ferrite's lattice parameter
was determined to be 8.389 A, larger than the lattice of undoped
cobalt ferrite (8.378 A).*” The observed increase in the lattice
constant is due to the fact that the La*" ions (1.06 A), which are
larger in size compared to Fe** ions (0.67 A), replace the Fe*'
ions in the octahedral region. This substitution causes an
expansion of the unit cell, resulting in a larger lattice constant.

Fourier transform infrared spectroscopy (FTIR) is an
important complementary tool to XRD in the verification of
synthesized phases. XRD provides information on the crystal
structure and composition of phases, while FTIR detects the
vibrations of molecules in the sample, revealing information on
functional groups and chemical bonds. As shown in Fig. 3, the
prepared sample was studied using Fourier transform infrared
spectroscopy (FTIR) in the wavenumber range of 4000 cm ™' to
400 cm ™. For the purpose of explaining the distribution of
cations between the tetrahedral and octahedral sites of the
spinel structure, FTIR spectroscopy is a precise and non-

Intensity (a.u)

20 (°)

Fig. 2 X-ray diffraction (XRD) pattern of CLFO nanoparticles.
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destructive technique. The FTIR spectrum shows a band at
601 cm ™" corresponding to the vibration of the Fe-O bonds in
the crystalline lattice of the prepared nanoparticles, indicating
the formation of the spinel ferrite structure. Moreover, the
stretching vibration associated with the Co-O band is typically
at around 866 cm ™. It is unremarkable due to its low absorp-
tion and is usually obscured by the broad absorption of the Fe-
O stretching vibration. It is evident from the as-prepared
powder that certain organic products are present, showing
comparatively weak bands that are linked to carboxylate, which
is brought on by the addition of oleic acid during the nano-
particle manufacturing process. The bands at 1446 cm ™' and
1641 cm ' are assigned to the asymmetric and symmetric -
COO™ stretching vibration band of the -COOH group, respec-
tively.*® Other specific bands of the organic oleic acid were
detected at 1389 cm ' and 1104 cm ™, resulting from -CH;
wagging deformation and the coupling of the O-H bending
vibration and the C-O stretching vibration, respectively.
Furthermore, the FTIR spectrum shows the characteristic bands
of hydroxyl groups of water molecules adsorbed on the prepared
nanoparticles at 3505 cm ™', which are caused by the stretching
vibration of O-H.*

Raman spectroscopy can be used in combination with FTIR
and XRD to confirm these results and further validate the
synthesized nanoparticles. It is an effective and sensitive
method to detect various lattice effects that lead to changes in
vibrational modes, such as lattice deformation, structural
shifts, local cation distribution, charge-spin coupling, and
magnetic ordering.*® Cobalt ferrites (Fig. 4) are known to have
a cubic spinel structure with an inverted space group Fd3m.
Metal cations can occur in one of the two configurations: with
four oxygen ions forming a tetrahedron or six oxygen ions
forming an octahedron. This structure provides 39 normal
modes, and five among them are Raman active (A + 1E; +
3T,e).* In this case, one-dimensional, two-dimensional, and
three-dimensional representations are denoted by the initials A,
E, and T, respectively. The symbol g stands for symmetry in
relation to the center of inversion.*' The five Raman modes
mentioned above, which are activated in the spinel structure,
are also assigned to the movement of the metal ion complex

Cola,Fe, O,

symmetric

Transmittance (u.a)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 FTIR spectra of the synthesized CLFO nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of the synthesized CLFO nanoparticles.

0*". Therefore, between 600 and 720 cm ™!, tetrahedral FeO,
exhibits a symmetric stretching known as Ay, and E; has peaks
between 250 and 360 cm ™" due to O,'s symmetric bending with
respect to Fe. In addition, T,, (2) represents antisymmetric
stretching of Fe and O appearing from 450 to 520 cm ™" and Toy
(1) represents the translational motion of FeO, within the range
of 180 to 220 ecm ™. Our results and the latter assumption are
largely consistent. However, previous studies have shown that
the observed frequency of Raman oscillations of the prepared
spinel is slightly shifted compared to undoped cobalt ferrite

Fig. 5

(a)—(c) SEM images of CLFO nanoparticles and (d) EDX of CLFO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and this difference can be attributed to the varying masses of
the cations Fe*" and La®" along with the disparity in their radii
(La*", 1.032 A and Fe*, 0.64 A), which affects Fe*'-0*~
interactions.*

4.2. Morphological and chemical characteristics of CLFO
nanoparticles

Fig. 5(a)-(c) represent the SEM images of the CLFO nano-
particles prepared. The images were taken at a low resistance of
1 um; even so, it was impossible to see the shape of the nano-
particles, which confirmed their nanosize. Furthermore, the
SEM images depict the presence of agglomerated nanoparticles
owing to their small size and the preparation method influence.
Moreover, elemental composition analyses shown in Fig. 5(d)
were carried out using energy dispersive X-ray spectroscopy
(EDX), which confirmed the presence of Co, La, Fe and O in the
sample without any additional impurities.

4.3.
films

Structural analysis of PVDF-based CLFO nanocomposite

For investigating the crystalline structure of pure PVDF, PVDF/
PVP and XCLFO/PVP/PVDF nanocomposite films, XRD and
FTIR characterization was used. The XRD patterns are depicted
in Fig. 6(a). As shown in this figure the XRD measurements were
performed from 15 to 25°. From this, the neat PVDF film

RSC Adv, 2024, 14, 38872-38887 | 38877
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Fig. 6 (a) XRD, (b) FTIR, and (c) B-phase fraction of the films.

showcases considerable peaks at 260 = 17.8°, 18.8° and 20°,
which are all assigned to the non-polar a-phase crystalline
structure.”>*>* These peaks correspond to the planes (020),
(100) and (110) and d-spacing values of 5.00, 4.96, and 4.43 in
that order. These findings suggest that the single phase present
is the a-phase in a TGTG arrangement. Hence, we can draw the
conclusion that PVDF's crystalline phases remain unchanged
regardless of the processing conditions.*

The impact of blending polyvinylpyrrolidone (PVP) with the
pure polyvinylidene fluoride (PVDF) matrix was explored with
the goal of enhancing and stabilizing the distribution of
nanoparticles within the PVDF matrix, utilizing PVP as a surface
modifier. The XRD pattern of the resulting PVDF/PVP exhibits
a different peak at 20.3°, which makes the multiphase semi-
crystalline structure of the polymer blend clear,* indicating the
change in the crystalline structure, which can conclude the
presence of interaction in the polymer blend. Furthermore, the
presence of this peak aligns perfectly with the crystalline p-
phase in a TT conformation, along with an attenuated charac-
teristic reflection attributed to the o-phase with a TGTG
conformation. Importantly, the findings indicate that the
addition of even a small amount of PVP can significantly modify
the structure of the PVDF, causing the presence of the crystal-
line B-phase with a TT conformation.*” The transformation is
ascribed to the improved compatibility of PVDF and PVP, which
is made possible by the creation of a hydrogen bond between
the hydrogen atom of PVDF and the oxygen atom of the
carbonyl group in PVP.*®

38878 | RSC Adv, 2024, 14, 38872-38887

Simultaneously, the XRD patterns of XCLFO/PVP/PVDF
nanocomposites, featuring varying percentages of loaded
nanoparticles, reveal a broad peak at 20.3°, indicating the
presence of the B-phase. Corresponding to the (100) and (200)
planes, this alignment perfectly matches the crystalline f-phase
in a TT conformation. These observations suggest that a tran-
sition from the a to the B-phase of the PVDF crystalline structure
occurs within the composite films.*” Meanwhile, according to
Mohamed et al.,* there is a relationship between peak inten-
sities and the crystalline structure of polymers. Alharbi et al.*®
also noted that changes in the organization or conformation of
polymer chains could lead to a decrease in crystallinity when
nanoparticles are added. Comparing this to our results, we
observe that varying the percentage of CLFO nanoparticles
results in different XRD peak intensities. This suggests that the
percentage of CLFO loading alters the structural composition of
the nanocomposite. Therefore, we can conclude that the crys-
talline structure of the polymer matrix is significantly affected
by the addition of nanoparticles. This modification is likely due
to the electrostatic interactions between the nanoparticles and
the polymer blend.*®*

This shift is attributed to potential interactions between the
CLFO and PVP structures and the PVDF chain. In particular,
electrostatic interactions between CLFO and PVDF promote the
rotation of the C-F bonds in the PVDF chain,* lowering the
energy barrier and encouraging the development of a more
expansive trans-conformation, which causes the B-phase to
occur. This comprehensive analysis underscores the intricate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interplay of PVP and CLFO in influencing the PVDF matrix's
crystalline structure.*®

Here, the polymorphism of pure PVDF, PVDF/PVP and
XCLFO/PVP/PVDF nanocomposite films was investigated using
FTIR (Fig. 6(b)), to further confirm the XRD findings. This is
observed by the appearance of specific transmission bands in
the FTIR spectra. The transmittance bands at 615 cm !,
763 ecm™Y, 792 cm ™Y, and 979 cm ' were identified as the
wagging mode of CF,, CF, bending, CH, rocking, and twisting
mode of CF,, respectively, based on the FTIR spectra. These
bands correspond to the a-phase.*” Those bands are clearly
depicted in the neat PVDF spectrum. In addition, from the FTIR
spectra of the PVDF/PVP and the XCLFO/PVP/PVDF nano-
composites supplementary peaks are shown. A broad peak at
838 cm ' which is assigned to CH, rocking implies the presence
of the B-phase in the films. In addition, the chemical compo-
sition of the interface can be probed using Fourier transform
infrared spectroscopy (FTIR) to assess whether or not chemical
bonding has occurred. Indeed, if a new and different IR
absorption band has been created, it may be due to the new
bonds formed at the interface between the polymer and the
nanoparticle surface.

The absence of new bands or shifts in band positions in the
FTIR spectra of the XCLFO/PVP/PVDF nanocomposite suggests
a lack of chemical interaction between CLFO nanoparticles and
other components (PVDF and PVP), indicating a predominantly
physical interaction.*»® This finding aligns well with the
explanation of the suggested physical interaction, specifically
ion-dipole interactions between CLFO and PVDF.*> Consis-
tently, the assumption made in the preceding section holds
true, indicating that the transformation from the a-phase with
a TGTG conformation to the crystalline pB-phase with a TT
conformation for the nanocomposites is attributed to both PVP
and CLFO.

This transformation is further supported by quantitative
data, revealing the percentage of the B phase in various
samples. The B-phase percentage in PVDF is determined
through the following formula:

FB) = (®)
(1) 42 + 4

In the given formula, F(B) represents the amount of the B-
phase present, while A, and Ag correspond to the integral areas
of the bands at 763 cm™* and 840 cm ™!, which are indicative of
the a-phase and B-phase, respectively. Additionally, K, and Kg
denote the absorption coefficients at their specific wave
numbers. K, measures 6.1 x 10* em” mol ', while K3 measures
7.7 x 10* cm® mol .

Specifically Fig. 6(c) shows that, for the pure PVDF fraction,
the B-phase constitutes 67%, while the PVP/PVDF mixture
shows an increase to 70%. Notably, the addition of just 3 wt% of
CLFO nanoparticles results in a maximum B-phase percentage
of 80%, confirming the substantial influence of both PVP and
CLFO in driving the transformation from the a to B-phase in the
PVDF system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It is important to note that creating the PVDF nano-
composite with a higher electroactive phase content requires an
understanding of interfaces in the nanocomposite. It is well
known that ferrite nanoparticles in general have a negatively
charged surface. However, they do not proceed with the same
effectiveness in nucleating the B-phase of PVDF due to the size,
the morphology, and so on.*®* Without a doubt, the electric
interactions between the partially positive CH, bonds of the
PVDF and the negatively charged ferrite nanoparticles are the
only explanation for the B-phase nucleation process.** It is
shown that adding a tiny amount of CLFO nanoparticles to the
PVDF/PVP blend results in PVDF films with a high electroactive
B-phase content. The presence of negatively charged CLFO
nanoparticles that will engage with the polymeric CH, groups
that have a positive charge density explains the nucleation
through electrical interactions. The B-phase, which has piezo-
electric and ferroelectric capabilities, is formed when this
contact causes the polymer chains to align on the nanoparticle
surface in an extended TTTT conformation.*® Furthermore, the
possible formation of hydrogen bonding between the carbonyl
group C=0 of PVP and the methylene group CH, of PVDF can
significantly contribute to the nucleation of the B-phase, which
explains the increase to 70% B-phase while adding PVP to the
PVDF matrix. This interaction promotes strong interfacial
bonding, which facilitates the alignment and reorientation of
the PVDF polymer chains. The presence of PVP enhances the
compatibility between the filler and the PVDF matrix, reinforc-
ing the stabilization of the B-phase conformation. As a result,
this hydrogen bonding mechanism plays a crucial role in acting
as a nucleating agent, thereby further increasing the B-phase
content in the nanocomposite.

However, it is evident that above 3 wt% CLFO nanoparticles,
B-phase percentage begins to decrease, reaching 76% at 7 wt%.
Likewise, similar trends have been observed in various
studies, and these observations can be attributed to the
introduction of a high concentration of nanoparticles influ-
encing the interactions between nanoparticles and polymer
chains. This phenomenon is multifaceted and involves
a number of factors, including confinement effects.>” Specifi-
cally, the confinement of the polymer chain caused by the
presence of nanoparticles may limit the mobility of the polymer
chain, thereby affecting favorable conditions for B-phase crys-
tallization. Another relevant aspect is the possibility of the
addition of a higher fraction of CLFO nanoparticles initiating
clustering, which can interfere with the nucleation and growth
of the B-phase in PVDF. As previously discussed, the nucleation
of the B-phase is driven by the interaction between the nega-
tively charged nanoparticles and the dipole moments of PVDF,
which promotes interactions that facilitate f-phase formation.
However, with the addition of a higher fraction of CLFO, the
nanoparticles begin clustering, which disrupts this interaction.
Clustering hinders the ability of the nanoparticles to effectively
interact with the PVDF, thereby hindering the nucleation and
growth of the B-phase.”®

To assess the effectiveness of the proposed nanocomposite,
the results achieved were compared with other newly published
studies that involved the preparation of PVDF nanocomposites

27,55,56
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Table 1 Comparison of B-phase content and dispersion quality in various PVDF based nanocomposites

Percentage of B-Phase
Nanocomposite type Used method the filler (%) content (%) Comments on dispersion Ref.
CoFe,0,/PVDF Tape-casting route 7 wt% 49.7 Good 61
PVDF/ZnFe,0,4 Electrospinning 5 wt% 83 Agglomeration 62
PVDF/Fe,0; Solvent casting method 5 wt% ~80 Some agglomeration 63
3CLFO/PVP/PVDF Surface modification 3 wt% 80 Good This work

and solvent casting method

with a higher B-phase content. Suresh et al.>® showed that cobalt
ferrite (CoFe,0,4) nanoparticles have an effective impact on the
dielectric and ferroelectric properties of PVDF, mainly the
effectiveness of the nucleation of the B-phase, where 80% of -
phase was obtained by the addition of 5 wt% CoFe,O, to PVDF.
In another study, using the same fraction of cobalt ferrite
nanoparticles (5 wt%) they reached a B-phase content of 53% in
the thin film.”* In a recent study, Bhiogade et al.®® reported
using spin coating to create nanocomposite films with varying
weight percentages of cobalt ferrite (CFO). A maximum of B-
phase content of approximately 80% was noticed with 15 wt%.
By comparison, by adding only 3 wt% CLFO, we were able to
reach this percentage and a higher level of the electroactive -
phase. This demonstrates the efficacy of our methodology and
the compositional choices. Table 1 provides an overview of the
B-phase fraction, the weight percentage of nanoparticles, and
the dispersion capabilities achieved using different methods. It
highlights that our approach is the optimal one, achieving
a high B-phase content, even at low nanoparticle concentrations
(3 wt% CLFO), while ensuring excellent dispersion. This makes
it an efficient and effective method compared to other routes.

To conclude, the results suggest that the nanocomposites
developed successfully undergo a significant phase transition
from the o to the electroactive B-phase, which is responsible for
the piezoelectric properties in these materials. This discovery
underlines the potential of this material for applications in
energy harvesting and piezoelectric devices.

4.4. Morphological observations of PVDF-based CLFO
nanocomposite films

SEM images displaying the cryofractured surfaces of the neat
PVDF, PVDF/PVP blend and XCLFO/PVP/PVDF nanocomposite
(as an example) are depicted in Fig. 7. SEM was used to inves-
tigate the interaction between CLFO nanofillers, PVDF and
PVDF/PVP matrix along with the interfacial adhesion between
them and better visualize the dispersion and distribution of
CLFO nanoparticles in the PVDF matrix. The micrograph of
unloaded PVDF and PVDF/PVP exhibits a relatively smooth
surface compared with the micrograph of the 7CLFO/PVP/PVDF
nanocomposite, which shows a rougher surface. It is obvious
that the surface roughness dramatically rises when the
concentration of the nanofiller is increased. Furthermore, no
surface cracks are observed, which confirms that the nano-
composites are not weakened by the addition of nanoparticles.**
In addition, materials with rougher surfaces require a greater

38880 | RSC Adv, 2024, 14, 38872-38887

force to break the polymeric phase, resulting in less brittle
materials.**

It is worth noting that achieving a homogeneous dispersion
of CLFO nanoparticles within the PVDF matrix poses significant
challenges, as poor dispersion can lead to agglomeration,
negatively impacting the mechanical properties and overall
functionality of the nanocomposite material.*® Likewise, high
concentrations of CLFO could result in brittleness, reducing the
composite's flexibility and toughness. Therefore, balancing the
amount of nanoparticles is crucial to achieve the desired
mechanical performance. For this raison, the poly-
vinylpyrrolidone (PVP) was used to coat the surface of CLFO
nanoparticles to improve their dispersion.®® Table 1 illustrates
how different preparation methods influence the dispersion of
ferrite nanoparticles in PVDF.

Meanwhile, the results suggest homogeneous dispersion
and therefore the existence of a good affinity between CLFO
nanofillers and the PVDF matrix.**** In fact, even though the
SEM images are at the micrometer scale, there is no evidence of
any clustering of nanosized particles or of any areas where they
may appear denser. This could be verified by the XRD, in which
the highly dispersed nanoparticles might not form appropri-
ately large crystalline domains to construct distinct XRD peaks.
This dispersion, while being beneficial for uniformity and
performance, leads to a lack of identifiable peaks for the
nanoparticles. Indeed, the good affinity and the interfacial
adherence may be related to the interface of the PVP modified
CLFO nanoparticles which can bind strongly to PVDF, resulting
in vast interface compatibility between the CLFO nanoparticles
and the PVDF matrix.***” This can be elucidated by the inter-
action between the CF, fluorine group of PVDF and C=O
carbonyl group of PVP as supported by the FTIR result.®®

4.5.
films

Thermal stability of PVDF-based CLFO nanocomposite

4.5.1. Thermal gravimetric analysis (TGA and DTG). Ther-
mogravimetric analysis (TGA) is a fundamental analytical
method widely used to reveal complex details about the thermal
characteristics of polymers and polymer nanocomposites.
Table 2 presents the basic data, including the degradation onset
temperature (Tonset), the temperature of maximum degradation
rate (Tmayx) Oobtained from the peak of the mass loss derivative,
and the residue content representing the residual mass at
550 °C.

The degradation onset temperature (Tonsec) and the temper-
ature of maximum degradation rate (T1,,y) are critical indicators

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM micrograph of the cross section (CS) and surface (S) of PVDF, PVDF/PVP and 7CLFO/PVP/PVDF films.

Table 2 Thermogravimetric results of pure PVDF and composites

Samples Tonset (°C) Timax (°C) Char content (%)
PVDF 436.03 460 19.88
PVDF/PVP 341.11 454 37.61
1CLFO/PVP/PVDF 354.34 473 35.21
3CLFO/PVP/PVDF 352.15 474 35.69
5CLFO/PVP/PVDF 353.48 475 35.91
7CLFO/PVP/PVDF 358.61 477 39.06

of thermal stability. As shown in Fig. 8, for pure polyvinylidene
fluoride (PVDF), the Topnset is 436.03 °C, and the Ty, is 460 °C,
which are consistent with known literature values,* indicating
an elevated degree of thermal stability. When poly-
vinylpyrrolidone (PVP) polymer is blended with the PVDF
matrix, the T,se¢ NOtably decreases to 341.11 °C, indicating that
the introduction of PVP lowers the thermal stability of the
blend. This could be related to the more amorphous nature of
PVP, which can affect the overall crystallinity of the blend,
leading to lower thermal stability.”” Hossein Mahdavi et al.*
achieved a similar trend. However, as CLFO nanoparticles are
incorporated into the PVDF/PVP blend, the T,.s: increases
gradually with the nanoparticle content, reaching 358.61 °C at
7 wt%, which remains lower than that of pure PVDF but the
nanocomposite exhibits improved stability compared to the
PVDF/PVP blend without nanoparticles. Indeed, the Ty, shows

© 2024 The Author(s). Published by the Royal Society of Chemistry

a similar trend. The Tp,.x of pure PVDF is 460 °C, which some-
what decreases to 454 °C for the PVDF/PVP blend, indicating
a reduced thermal stability. Upon the addition of 1% to 7%
nanoparticles, Ty increases steadily from 473 °C to 477 °C,
surpassing the Ty, of both pure PVDF and the PVDF/PVP
blend. This suggests that the nanoparticles enhance the
thermal degradation resistance of the blend, likely due to the
barrier effect provided by the nanohybrids, which inhibit the
thermal motion and decomposition of the polymer chains.>”*
Comparing these results with other studies, the increase in
thermal stability with nanoparticle incorporation is consistent
with literature findings where various fillers, such as carbon
nanotubes, clay, and metal oxides, have been reported to
enhance the thermal stability of PVDF based nanocomposites.
The char content also increases with nanoparticle incorpora-
tion, indicating the formation of a protective layer that further
enhances the thermal resistance.” Overall, the incorporation of
CLFO nanoparticles effectively improves the thermal stability of
PVDF/PVP blends, as evidenced by the higher Tonger and Tiax
values compared to the PVDF/PVP blend lacking nanoparticles.
In conclusion, the present results highlight the prominent
role played by CLFO in improving the thermal stability of
nanocomposites. Its overall favorable contributions, acting as
areinforcing agent and having a positive impact on crystallinity,
indicate a favorable effect on the material's overall mechanical
properties. Consequently, these results make this developed

RSC Adv, 2024, 14, 38872-38887 | 38881
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Fig. 8 TGA (a) and DTG (b) curves of PVDF-based CLFO nanocomposite films.

Table 3 Summary of DSC analysis results of the elaborated films

samples T (°C) AHn(g™) Te(°C) AH.(g™) X (%)
PVDF 160.48 22.87 153 30.08 22
PVDF/PVP 155.72 20.38 118 34.42 21
1CLFO/PVP/PVDF 155.80 24.35 120 34.01 26
3CLFO/PVP/PVDF 154.01 24.42 118 33.95 27
5CLFO/PVP/PVDF 154.35 25.03 119 33.03 28
7CLFO/PVP/PVDF 154.31 26.01 118 32.73 30

material a convincing choice for advanced energy harvesting
and piezoelectric applications.

4.5.2. Differential scanning calorimetry (DSC). To explore
the phase transition behaviors of the synthesized PVDF nano-
composites, Differential Scanning Calorimetry (DSC) was
utilized. Table 3 details the melting temperature (T},), enthalpy
of melting (AH,,), crystallization temperature (7..), enthalpy of
crystallization (AH.) and degree of crystallinity (X.).

As shown in Fig. 9(a), the semi-crystalline neat PVDF exhibits
a melting temperature (T,,,) of around 160 °C. It was noticed that
the melting point somewhat decreased to around 156 °C when
PVP was added. This can be attributed to the fact that when an
additional polymer, which exhibits miscibility with the amor-
phous regions of the semi-crystalline polymers, is introduced, it

leads to a reduction in the melting point of the crystalline
polymer.” Even though the amount of reduction in the present
case appears to be small simply because a small amount of PVP
was used, the melting temperatures for all the composites with
different percentages remain relatively unchanged, stabilizing
around 154 °C. This may be attributed to the nanofillers having
minimal impact on the molecular structure of the PVDF/PVP.
This supports an earlier FTIR finding that suggested that the
interaction between the polymer and nanoparticles was likely
physical in nature.”

The crystallization temperature (7.) of the neat PVDF is
around 153 °C as depicted in Fig. 9(b), it shows a significant
decrease to 118 °C when adding PVP and it remains constant
when adding different percentages of the CLFO nanoparticles.
The crystallization enthalpy (AH.) exhibits a distinct behavior
upon the addition of PVP to the PVDF in comparison to the
addition of varying percentages of CLFO nanoparticles. As
shown in the results in Table 3, the enthalpy of crystallization of
PVDF/PVP is nearly 4 °C higher than the AH, of neat PVDF. It
remains unchanged when only 1 wt% CLFO is added. However,
the difference becomes slightly significant when a higher
percentage of CLFO is added. The marked drop in crystalliza-
tion temperature and enthalpy can be explained by two factors.
Firstly, the rising molecular weight of PVP leads to higher melt

a A~
TOLFORVEEVDE %
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 |scuroreverpvoE "
I & [3cLrorpvepvDR
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Fig. 9 Melting (a) and crystallization (b) thermograms of PVDF-based CLFO nanocomposite films.
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viscosities in the blends. Indeed, higher viscosity means that
the material flows less easily when heated. This can hinder the
movement of polymer chains, which is essential for crystalli-
zation.”* Secondly, the extended PVP chains create stronger
entanglement with PVDF, thereby suppressing its crystallization
behavior.” However, the AH. also supports how the nano-
particles could influence the crystallization behavior. The
decrease of the latter could be influenced by the nature of the
interaction happening between the nanoparticles and the
polymer blend.” Furthermore, a rise in the percentage of crys-
tallinity is noticed upon the inclusion of nanoparticles. The
reason for this enhancement is that the nanoparticles act as
heterogeneous  nucleating agents, promoting PVDF
crystallization.**”*

In summary, as the crystallinity is intrinsically linked to the
unique characteristics of the material, the development of
higher crystalline films using the synthesized nanoparticles
could positively influence the specific properties of the films,
such as mechanical performance.

4.6. Tensile analysis of PVDF-based CLFO nanocomposite
films

Generally, a material's mechanical properties are crucial since
they determine its suitability for various applications.*>”>”¢ For
nanocomposites to show significant improvements in
mechanical properties, it is crucial to guarantee that the
nanoparticles are uniformly distributed throughout the matrix
and possess robust intrinsic mechanical characteristics.”*
Additionally, it is important to consider how well the polymer
chains and nanofillers interact.”* To thoroughly investigate the
mechanical behavior of the prepared nanocomposite films,
tensile tests were conducted, as shown in Fig. 10.

The parameters obtained from the tensile stress-strain
graph include Young's modulus, tensile strength, and strain at
break. Young's modulus measures how much mechanical
energy a composite material can store during reversible elastic
deformation. Several factors influence tensile strength,
including particle size, shape, dispersion and distribution in
the polymer matrix, and their interfacial interaction. Strain at
break, which is the deformation at break, provides insight into
the ductility and flexibility of the films. Higher strain at break
values indicate greater flexibility.”””*

The findings show that Young's modulus, tensile strength,
and strain at break (Fig. 10(a) and (b)) significantly increased
with the addition of CLFO nanoparticles across all nano-
composite samples (1, 3, 5, and 7 wt%) compared to neat PVDF.
With just 3 wt% CLFO, Young's modulus reached a maximum
increase of 25%, attributed to the reinforcing effect of the rigid
CLFO nanoparticles, enhancing the stiffness of the nano-
composite films. Beyond 3 wt% CLFO, Young's modulus
decreases, likely due to nanoparticle agglomeration disrupting
uniform stress distribution and reducing reinforcing
efficiency.®

Similarly, the tensile strength shows a moderate increment
and remains generally consistent with a maximum increase of
10% observed for the nanocomposite with 3 wt% content of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Tensile properties: (a) Young's modulus and tensile strength
and (b) strain at break of PVDF-based CLFO nanocomposite films.

nanoparticles. This attainment of relatively steady tensile
strength can be ascribed to the uniform dispersion of nano-
particles with a moderate interfacial adhesion with the PVDF
matrix, which is in direct agreement with the morphological
observations of nanocomposite films. As part of this, the
introduction of PVP and its compatibility with PVDF®** enabled
solid contacts to be established and helped increase the effi-
ciency of interfacial stress transfer between nanoparticles and
the PVDF matrix."® However, beyond this concentration, the
tensile strength decreases, likely due to the same agglomeration
issues affecting Young's modulus.*’

The strain at break, an indicator of ductility and flexibility,
also showed a significant improvement with the addition of
CLFO nanoparticles. At 3 wt% CLFO, the strain at break
increased by 33%, indicating enhanced flexibility and toughness
of the nanocomposite films. This improvement can be ascribed
to the effective dispersion of nanoparticles, which helps
distribute stress more evenly across the matrix, thus allowing the
material to deform more before breaking.”* However, similar to
Young's modulus and tensile strength, the strain at break
decreases beyond 3 wt% CLFO. This reduction is likely due to the
initial stages of nanoparticle clustering at higher concentrations,
which creates stress concentration points and reduces the overall
ductility and flexibility of the films.*

These results show that adding 3 wt% CLFO nanoparticles to
the PVDF and PVP matrix is the optimal combination for
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improving the mechanical
strength, and ductility.

properties, notably stiffness,

5. Conclusion

This study represents a meaningful step evolving in the devel-
opment of piezoelectric materials for sustainable energy
conversion. The synthesis of CLFO nanoparticles through co-
precipitation and heat treatment has resulted in nano-
composite films with noticeably improved properties. The key
findings reveal a significant increase in crystallinity, attributed
to the nanoparticles acting as heterogeneous nucleating agents
that facilitate PVDF crystallization. The electroactive B-phase
content within the nanocomposite films reached 80%, which is
crucial for harnessing the piezoelectric properties. Thermogra-
vimetric analysis highlighted enhanced thermal stability
imparted by the nanoparticles, making the films more resilient
under varying temperature conditions. Mechanically, the addi-
tion of 3 wt% CLFO nanoparticles led to a 33% increase in the
strain at break besides a 25% rise in Young's modulus. These
advancements in structural, thermal, and mechanical proper-
ties, along with the significant presence of the polar B-phase,
make the 3 wt% CLFO concentration in PVDF/PVP nano-
composite films optimal for both mechanical strength and
piezoelectric efficiency. These findings make the XCLFO/PVP/
PVDF nanocomposite films promising candidates for energy
harvesting and other applications requiring efficient conversion
of mechanical stress into electrical energy. The addition of
CLFO nanoparticles enhances the piezoelectric properties,
thereby also enhancing the dielectric properties of the PVDF
matrix, making the films suitable for energy harvesting and
sensing applications. The improved dispersion facilitated by
PVP further contributes to the material's mechanical flexibility
and functional performance, which are essential for applica-
tions like flexible sensors, wearable electronics, and biomedical
devices. These enhancements enable the nanocomposites to
efficiently convert mechanical energy into electrical signals or
provide responsive sensing capabilities, which are a valuable
addition to the field of piezoelectric materials and pave the way
for future innovations in sustainable energy technology.
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