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1. Introduction
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High B-phase PVDF composite thin films filled with
metal (M = Ni, Ag, Co) phosphate-based particles:
advanced materials for energy harvesting
applicationsT

Chaymae Bahloul,® Adil Eddiai,” Omar Cherkaoui,® M.'"hammed Mazraoui,?
Fatima-Zahra Semlali © *2 and Mounir El Achaby © *2

This study demonstrates a systematic approach to developing high-performance poly(vinylidene fluoride)
(PVDF) nanocomposites through the strategic incorporation of metal phosphate nanostructures
synthesized via distinct methodologies. Ni—P particles were synthesized using hydrothermal processing
and Ag—P via a precipitation technique, while Co—P and Co-Pn were prepared through co-precipitation
and solvothermal routes, respectively. These diverse synthetic approaches yielded particles with
controlled crystallinity, morphology, and surface properties, as verified through comprehensive XRD,
FTIR spectroscopy, Raman and SEM. The integration of these nanostructures into the PVDF matrix
significantly promoted electroactive B-phase formation, with improvements ranging from 68% to 96%,
with optimal transformation typically achieved at 3 wt% loading. Mechanical characterization revealed
remarkable property enhancements, with PVDF/3Co—Pn exhibiting an unprecedented 181.83% increase
in tensile strength and a 184.76% improvement in Young's modulus. Thermogravimetric analysis
demonstrated substantial thermal stability enhancement, with PVDF/7Ni—P showing a 24.92 °C increase
in onset degradation temperature. Ferroelectric measurements indicated that PVDF/7Co-P composites
achieved superior remnant polarization with a 200% increase, while PVYDF/3Co-P demonstrated optimal
maximum polarization with a 75% improvement. Importantly, this research establishes clear correlations
between synthesis methodology, resultant nanoparticle characteristics, and composite performance,
providing critical insights into structure—property relationships in metal phosphate-PVDF systems. These
findings advance the fundamental understanding of interface engineering in polymer nanocomposites
and establish design principles for developing advanced materials for flexible electronics, energy storage
devices, and sensing technologies.

into electricity from sources such as light, radio frequency
radiation, heat, and mechanical vibrations.**

Two of the most pressing challenges facing humanity are energy
scarcity and environmental pollution, both undermining
sustainable development." These challenges necessitate the
development of environmentally friendly, affordable, and
sustainable energy technologies.>® Energy harvesting (EH) has
emerged as a promising approach, converting ambient energy
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Among these diverse energy sources, biomechanical energy
presents significant untapped potential due to its ubiquitous
availability. The human body dissipates over 100 watts of energy
daily, while wearable devices typically require less than 1 watt,
a gap that continues to widen with technological advancement.®
Harnessing even a fraction of this biomechanical energy could
power personal electronic devices, offering an eco-friendly
alternative to traditional batteries.*” To effectively capture this
biomechanical energy, materials with specific conversion
capabilities are essential.?

Piezoelectric materials are well-suited for biomechanical
energy harvesting due to their intrinsic capability to convert
mechanical energy into electrical energy. These materials
mainly include single crystals, ceramics, polymers, and polymer
composites.” Among them, polymers and their composites have
demonstrated significant potential for energy harvesting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications, particularly where flexibility is essential. Although
their electrical performance is typically lower than that of
ceramics, their mechanical flexibility makes them highly
attractive for wearable and flexible energy harvesting
devices.'>"

Within the category of piezoelectric polymers, poly(-
vinylidene fluoride) (PVDF) stands out as the most extensively
researched thermoplastic due to its affordability, processability,
and exceptional functional characteristics.'> PVDF exists in five
crystalline phases (o, B, v, 8, and €), with the B-phase being most
critical for piezoelectric applications due to its polar structure.™
Various approaches have been developed to enhance the crucial
B-phase content in PVDF, including solvent casting, copoly-
merization, and notably, the incorporation of fillers into the
polymer matrix.”»***> The selection of appropriate fillers is
therefore a key consideration for optimizing PVDF's piezoelec-
tric performance.

A wide range of fillers have been explored to enhance the
electroactive performance of PVDF, including ceramic nano-
particles such as BaTiOj3, PZT, ZnO, and carbon-based materials
like graphene and carbon nanotubes.'*™® These fillers are
known to promote B-phase nucleation and improve dielectric
properties by inducing interfacial polarization and acting as
nucleating agents. However, many of these materials face key
limitations, including brittleness, environmental toxicity is
particularly for lead-containing ceramics, and challenges in
achieving uniform dispersion within the polymer matrix.
Ferrite-based fillers have also shown promise,*** but they often
suffer from poor compatibility with PVDF, requiring additional
surface modification steps to improve their dispersion and
interfacial bonding. These drawbacks have driven the search for
alternative fillers that are not only functional and effective but
also environmentally benign, structurally tunable, and easy to
process. In this context, metal phosphate-based particles (MP-
Ps) offer a compelling solution, combining chemical stability,
morphological versatility, and potential for strong interaction
with the PVDF chains to form next-generation, sustainable
piezoelectric composites.

Recent advances in materials science have highlighted MP-
Ps as particularly promising fillers due to their natural abun-
dance, environmental friendliness, low cost, chemical stability,
and structural versatility.”*** These compounds can be synthe-
sized in various morphologies ranging from one-dimensional
structures to complex three-dimensional architectures, confer-
ring unique properties including high chemical stability,
mechanical flexibility, and large surface areas.?® Their synthesis
methods, including ball milling, chemical precipitation, and
hydrothermal treatments, significantly influence their
morphology, surface properties, and reactivity,”** thereby
offering considerable potential for tailoring their interaction
with polymer matrices like PVDF.

This potential synergy between MP-Ps and PVDF matrices
represents an emerging research direction with significant
implications for energy applications. To date, only a few studies
have explored the potential of MP-Ps based fillers to enhance
the functional properties of PVDF. For instance, Biswas et al.*®
developed Cas(PO,), nanorod-incorporated PVDF films with
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enhanced piezoelectricity, while other researchers have inves-
tigated PVDF composites with o-zirconium phosphate® and
NASICON-type LiSnZr(PO,); ceramic® for specific applications.
However, despite these promising initial results, a comprehen-
sive study addressing the interactions between MP-Ps and PVDF
polymer, including their effects on structural, thermal,
mechanical, and ferroelectric properties, remains absent from
literature.

To address the growing demand for flexible, sustainable, and
biocompatible materials for energy harvesting and storage, this
study explores the integration of MP-Ps, specifically Ni, Ag, and
Co-based phosphates, into a PVDF matrix. By tailoring particle
morphology, size, and surface characteristics through various
synthesis methods, we systematically investigate how these
parameters influence the nucleation of the electroactive f-phase
in PVDF. The resulting nanocomposites exhibit a remarkably
high B-phase content exceeding 96%, a value significantly
higher than those typically reported in the literature. This
enhancement is attributed to strong interfacial interactions
between the MP-Ps and PVDF chains, facilitated by the specific
electronegativity and morphology of the metal phosphate
fillers. In addition to promoting B phase formation, the incor-
poration of MP-Ps leads to simultaneous improvements in
mechanical strength, thermal stability, and ferroelectric
performance, demonstrating a synergistic enhancement across
multiple functional properties. Importantly, the use of lead-
free, phosphate-based fillers offers an environmentally
friendly and potentially biocompatible alternative to traditional
piezoceramics, thereby contributing to the development of safe
and efficient energy harvesting systems for wearable and
portable electronics. This work not only introduces a novel class
of functional composites but also advances the fundamental
understanding of phosphate-polymer interfaces and their role
in optimizing multifunctional performance.

2. Materials and experimental details

2.1. Materials

All chemicals were obtained from commercial sources and used
without further purification. Nickel(n) acetate tetrahydrate
(Ni(CH3COO0),-4H,0, =98%), silver nitrate (AgNO;, =99.8%),
cobalt(n) nitrate hexahydrate (Co(NOjs),-6H,0, =99.0%), and
cobalt (u) acetate tetrahydrate (Co(CH3COO),-4H,0, =98%) were
purchased from Sigma-Aldrich for the synthesis procedures.
Supporting reagents including ammonium dihydrogen phos-
phate (NH4H,PO,), potassium hydroxide (KOH), sodium
hydroxide (NaOH), ethylene glycol, and ethanol (all with purity
>98.99%) were also obtained from Sigma-Aldrich. For composite
preparation, polyvinylidene fluoride (PVDF) with a melting point
of 170-180 °C and density of approximately 1.78 g cm * was
sourced from Sigma-Aldrich, while dimethylformamide (DMF,
99% purity) was acquired from Merck KGaA.

2.2. Synthesis of nickel phosphate Niz(PO,),

Hydrated nickel phosphate was synthesized by via a hydro-
thermal reaction with the supporting steps Fig. 1(a). Typically,
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Fig. 1 Schematic illustration of the as-synthesized particles using different methods (a) Ni—P, (b) Ag—P, (c) Co-P and (d) Co—Pn.

a 1.4 g of Ni(Ac),-4H,0 was dissolved in distilled water. The
mixture then dropped with a solution of 0.52 g KH,PO, dis-
solved in 20 ml of solvent while the mixture was continuously
stirred. The pH of the resulting solution was carefully adjusted
to 7.6 using 2 M KOH solution. After mixing thoroughly, the
suspension was placed in a Teflon-lined autoclave and held at
160 °C for 8 hours to accelerate the hydrothermal process. Once
the reaction is complete, the product is removed from the
mixture by centrifugation (Fig. 1). The obtained products were
centrifuged, washed with absolute alcohol, and deionized
water, and then dried at 60 °C for 12 h. These particles are
denoted as Ni-P.

2.3. Synthesis of silver phosphate Ag;PO,

The Ag;PO, particles were obtained via a precipitation method
Fig. 1(b). A typical procedure involves dissolving 0.005 mol
phosphate salt NaH,PO, in 100 ml distilled water. This phos-
phate solution is then added dropwise to a 0.1 M AgNO; solu-
tion, prepared by dissolving 0.01 mol AgNO; in 100 ml distilled
water. The addition is carried out with continuous stirring,
resulting in the formation of a yellow suspension. The
suspension is heated to 80 °C for 1 hour to promote reaction
and ensure homogeneity. After heating, the mixture is filtered to
separate the solid material, which is then rinsed three times
with distilled water to remove any impurities. The washed
particles are then dried overnight and heated at 100 °C for 1 h to
ensure complete removal of moisture. These particles are
denoted as Ag-P.

2.4. Synthesis of cobalt phosphate Co;(PO,),

Cobalt phosphate was synthesized using a co-precipitation
method Fig. 1(c). To begin, stoichiometric volumes of
Co(NO3),-6H,0 (4.37 g), HoN,O,4P (1.7 g), and NaOH (1.0 g) were
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separately dissolved in 25 mL of deionized water. After that,
these solutions were mixed to create a homogenous mixture
with a volume of 75 ml. To ensure full reaction, the mixture was
then stirred for hours at room temperature. After that a precip-
itate was formed, then collected and washed with deionized
water until it reached a pH of 7. After washing, the particles
were dried for 12 hours at 70 °C in an electric oven, and then the
final step was annealing the dried product for 5 h at 700 °C.
These particles are denoted as Co-P.

2.5. Synthesis of cobalt phosphate Co;(PO,),

Cobalt phosphate flakes were produced through a solvothermal
approach Fig. 1(d). For a typical procedure, 0.75 g of Co (CH;-
C00),-4H,0 was first dissolved in 10 ml of ethylene glycol
solution and stirring was maintained for 30 minutes. A 30 mL
solution of 0.2 M NH,H,PO, was added to the mixture and
stirred for an additional 2 hours to achieve a uniform mixture.
The resulting solution was transferred to a Teflon-lined
stainless-steel autoclave and heated at 120 °C for 15 hours.
The resulting particles were collected, thoroughly washed with
deionized water and ethanol, and dried at 65 °C for 10 hours.
Then heat-treated at 350 °C for 5 hours in a nitrogen environ-
ment (N,) at a heating rate of 3 °C min~". These particles are
denoted as Co-Pn. To explore the effect of particle morphology
on composite properties, cobalt phosphate (Co;(PO,),) was
synthesized using two different methods: co-precipitation and
solvothermal synthesis. These methods yield distinct particle
morphologies, which are expected to influence the dispersion
within the PVDF matrix and enhance B-phase formation. In
contrast, nickel phosphate and silver phosphate were each
synthesized using a single method (hydrothermal and precipi-
tation, respectively), as these approaches produced the desired
phase and morphology suitable for composite fabrication.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of (a) the composite film synthesis protocol, (b) image of the fabricated composite films.

2.6. Composite preparation

For composite preparation (Fig. 2), a solution was prepared by
dissolving PVDF powder in DMF. The desired amounts of MP-Ps
(Ni-P, Ag-P, Co-P, and Co-Pn) were dispersed separately in
DMF using ultrasound for 2 hours to ensure uniform dispersion
and minimize agglomeration. Simultaneously, PVDF was dis-
solved in DMF under continuous stirring at 70 °C for 2 hours
until a homogeneous and clear solution was obtained, using
a weight-to-weight (w/w) ratio of PVDF to DMF of 1: 4. The pre-
dispersed particle solution was then added to the PVYDF/DMF
solution and continuously stirring for 1 hour to ensure thor-
ough mixing. The mixture was further homogenized by ultra-
sonic treatment for an additional 1 hour to achieve complete
dispersion of the particles in the polymer matrix. The resulting
solution was spread onto a clean glass substrate using the
Doctor blade technique to control the films thickness. The films
were dried at 70 °C for 2 hours to evaporate the solvent and then
carefully peeled off the substrate. The prepared films were
labeled based on their composition: pure PVDF was designated

© 2025 The Author(s). Published by the Royal Society of Chemistry

as “PVDF,” while composites containing Ni-P, Ag-P, Co-P, and
Co-Pn were labeled as “PVDF/xNi-P,” “PVDF/xAg-P,” “PVDF/
xCo-P,” and “PVDF/xCo-Pn,” respectively. Here, x represents
the particle loading in the nanocomposites, which was either 3
or 7 wt%. The particles content is limited to 7 wt% to prevent
negative effects on both the composite's mechanical properties
and the B-phase formation. Higher concentrations can lead to
particle agglomeration, which disrupts the uniformity of the
composite and reduces the B-phase content, essential for
piezoelectric performance.

3. Characterization techniques

3.1. Structural characterization X-ray diffraction (XRD)

A Bruker D8 Discover was used to perform X-ray diffraction (XRD)
characterization utilizing Cu Ka radiation (A = 1.54184 nm) in the
26 range of 10-70° for particle analysis and in the range of 15-25°
for elaborated composite films. Whereas the current and voltage
were maintained at 100 mA and 40 kV, respectively.

RSC Adv, 2025, 15, 15218-15239 | 15221
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3.2. Fourier transforms infrared spectroscopy

FTIR spectra of MP-Ps as well as neat PVDF, and PVDF
composite films were conducted on FTIR, PerkinElmer Spec-
trum 2000 equipped with ATR accessory for the films, however
KBR accessory for the powder. Each spectrum was obtained in
400-4000 cm ™' range in the case of nanocomposites meanwhile
in the range of 600-4000 cm ™" for the powder of MP-Ps. The
samples were analyzed with an accumulation of 16 scans and

a resolution of 4 cm ™.

3.3. Raman spectroscopy

The vibrations of the synthesized MP-Ps were investigated using
Raman scattering spectroscopy using a HORIBA LABRAM-HR
Evolution device under green laser illumination in the wave-

number range of 150-1000 cm™ .

3.4. Scanning electron microscope

In order to characterize the shape of MP-Ps and assess their
distribution inside the polymeric film matrix, a Zeiss EVO 10
scanning electron microscope (Carl Zeiss Microscopy, GmbH,
Jena, Germany) was employed. To obtain a precise and clean
fracture surface, the films were cryo-fractured using liquid
nitrogen. Prior to scanning, the samples were made conductive
by applying a gold coating using a sputtering process.

3.5. Thermogravimetric analysis

The thermal stability and degradation behaviors of synthesized
MP-Ps, neat PVDF as well as the composites films were con-
ducted by thermographic analysis using TA instruments
(Discovery TGA). Under a nitrogen atmosphere with a gas flow
of 20 ml to prevent oxidation effects and heated between 25 and

700 °C at a heating rate of 10 °C min~".

3.6. Differential scanning calorimetry

The melting and crystallization behavior of elaborated films
were investigated using Differential scanning calorimetry
(DSC) (Discovery DSC, TA instruments). 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 destroy any preceding thermal or mechanical
effects. Next, the samples were cooled from 200 °C to —80 °C,
also at a rate of 10 °C min~", to further assist in observing
their crystallization behavior. After a stabilization period of
three minutes at —80 °C, the samples were heated back from
—80 to 200 °C at the similar rate as before to examine their
melting properties.

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

AH,,

where F is the weight fraction of PVDF and AH,,, is the enthalpy
of melting of 100% crystalline PVDF and was taken as 104 J

—1 31
g .
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3.7. Tensile test

The tensile characteristics of developed films were assessed
using a universal testing machine (SHIMADZ, Kyoto, Japan)
fitted with a 1 KN load cell in accordance with the ASTM D882-
00 standard. With a measured gauge length of 50 mm and
a moving clamp speed of 5 mm min ", the film samples were
cut into 10 x 50 mm? rectangles. No fewer than five samples
were used for each test, and the findings are average.

3.8. Ferroelectric analysis

P-E hysteresis loops were obtained by Radiant Precision
Workstation ferroelectric testing system at room temperature
equipped with a high-voltage source of 10 kV. The Vision5 data
management software was used to obtain results at a frequency
of 5 hertz with the normal dipolar mode, which produced
a triangular signal of high voltage and enabled us to measure
the subsequent polarization of PVDF composite films.

4. Results and discussions

4.1. Characterization of synthesized metal phosphate-based
particles (MP-Ps)

4.1.1. Structural characteristics. X-ray diffraction (XRD)
analysis was employed as a key characterization technique to
investigate the crystalline phases and structures of the synthe-
sized particles. This method provided essential information,
including phase identification, sample purity, crystallite size,
and, in certain cases, morphology. To verify the successful
development of the expected crystalline phases and ensure the
structural integrity and purity of the produced particles, the
diffraction patterns were analyzed.*” The XRD patterns of the
prepared Ni-P, Ag-P, Co-P and Co-P nano-flakes are shown in
Fig. 3. The X-ray diffraction (XRD) patterns of the synthesized
MP-Ps confirm their distinct crystal structures and phase
purities. The X-ray diffraction analysis revealed a monoclinic
crystal structure characterized by multiple well-defined reflec-
tions. The diffractogram exhibited its maximum intensity at 26
= 13.35°, which was indexed to the (020) crystallographic plane.
The structural characterization was further confirmed by addi-
tional reflections observed at various diffraction angles: 11.22°
(110), 18.40° (200), 19.68° (—101), 20.78° (011), 22.03° (130),
23.36° (101), 24.75° (—211), 27.03° (040), 28.29° (031), 30.57°
(—301), 32.77° (240), 33.51° (—321), 34.46° (330), 36.01° (141),
37.49° (301), 39.40° (—112), 41.16° (—341), 41.96° (—251), 44.32°
(350), and 47.78° (132). This diffraction pattern is consistent
with the characteristic signature of the monoclinic phase.**?*
For Ag-P, the X-ray diffraction analysis revealed a well-defined
cubic crystal structure characterized by eight distinct diffrac-
tion peaks. The diffractogram exhibited reflections at 26 = 20.9°
(110), 29.7° (200), 33.3° (210), 36.6° (211), 47.8° (222), 52.7°
(320), 55.0° (321), and 71.9° (520). This pattern of crystallo-
graphic planes consists with the characteristic signature of the
cubic structure of silver phosphate, confirming the successful
synthesis of phase-pure consistent with the JCPDS Card No. 06-
0505.%>%*¢ The XRD analysis revealed that both Co-P and Co-Pn
samples crystallized in the hexagonal phase of Coz(PO,),, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD diffractograms of synthesized (a) Ni-P, (b) Ag—P, (c) Co-P,
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diffraction patterns matching JCPDS Card No. 70-1795. The
observed crystallographic planes were indexed according to
previously reported literature values for this structure.’”*®
Overall, the XRD analysis confirms that all synthesized MP-Ps
exhibit high crystallinity and phase purity, with no indications
of impurity phases, providing valuable insights into their
structural properties.

Fourier Transform Infrared (FTIR) spectroscopy is an
essential technique for characterizing the as-prepared particles,
offering detailed insights into their molecular structure. By
identifying unique vibrational modes, FTIR reveals the func-
tional groups, bonding arrangements, and chemical composi-
tion of the particles. This information is crucial for confirming
the successful synthesis and understanding the interactions
within the material.*® The FTIR spectra of MP-Ps presented in
Fig. 4 was used to further confirm their bonding arrangement.
All spectra indicate the presence of characteristic bands at
882 cm™ !, 741 em™ %, 597 em™ Y, 580 ecm ™, 557 ecm ™, 556 cm !
and 450 cm " referring to literature the vibrational bands occur
within this range is (v;3) (F,) PO,*> ascribed to the metal oxygen
bond.****  Furthermore, the vibrational bands at
1005 cm™,1049 cm™*, 1031 cm ™ and 1050 cm ™! are due to the
triply degenerated (v;) asymmetric stretching vibrations of P-O
bonds.** For the samples Ag-P, Ni-P there is the presence of
a vibration bonds at 1665 cm ™' and 1622 cm ™ respectively, are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of the synthesized MP-Ps.

ascribed to the H-O-H bending vibration from the structural
water**® and also a broad peaks ranging 3500 cm ' to
3000 ecm ™! stretching vibration and O-H stretching in crystal-
lization water.”” Furthermore, it is observed from the FTIR
spectra of the Ag-P particles the presence of a bond at
3555 cm™ ' related to hydroxyl group -OH adsorbed on the
surface of the Ag-P particle via surface hydrolysis and
protonation.*®*°

Raman spectroscopy is a highly reliable and widely used tool
for characterizing materials, as it provides valuable information
about the structural quality and can also reveal the presence of
dopants or other modifications.* Fig. 5 represents the Raman
spectrum of MP-Ps. The internal modes in Raman spectroscopy
typically involve the displacement of atoms within molecular
units, such as the oxygen atoms in tetrahedral anions like
(PO,)*". These modes exhibit frequencies that are closely
related to those of the free anion. For example, the free (PO,4)*~
ion displays a characteristic symmetric stretching mode (A;,)
around 938 cm . In nickel phosphate, similar vibrational
frequencies can be observed, reflecting the internal dynamics of
the phosphate groups, the intense peak of 908 cm™" is attrib-
uted to the terminal oxygen vibrational stretching of the PO,
group for the silver phosphate.®® The Raman peaks around
1000 cm ™" for the cobalt phosphate are from the triply degen-
erate n3 antisymmetric stretching vibrations (A, + E,) of the
phosphate ligands.*

4.1.2. Morphological and chemical characteristics. The
combined use of scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) is a crucial tech-
nique for the characterization of the synthesized particles,
providing detailed insights into their size, shape, elemental
composition, mixing state, surface area estimates and surface
features.®® The SEM images of synthesized particles reveal
distinct morphological characteristics due to the varied
synthesis methods employed. Each material displays unique
structural features, ranging from particle size and shape to
surface texture, all of which are critical to understanding their

RSC Adv, 2025, 15, 15218-15239 | 15223
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interaction with the PVDF matrix. The grain sizes and dimen-
sions reported for the synthesized particles were estimated
using Image] software by analyzing the SEM images. Fig. 6(a)
shows that Ni-P synthesized through hydrothermal method
exhibits a sphere like shape with practically homogeneous
distribution and an average particles size of 39.42 nm. From
Fig. 6(b) the synthesized Ag-P via precipitation method shows
a cube-like shape indicating a single crystalline morphology of
the particles with relatively smooth surface and bimodal
particle size, presenting a population of small particles aver-
aging 2.68 um and big particles averaging 9.430 pm. Fig. 6(c)
shows the morphology of Co-P synthesized using Co-
precipitation method, it displays irregular rod-like, the
particle size distribution also shows two distinct groups: larger
particles with average of 1.43 um with moderate variability, and
smaller particles with average of 220 nm that are more uniform.
This may be attributed to the wet chemical reaction employed
for synthesizing these particles, as the slow reaction kinetics
can result in a non-uniform nucleation rate.”* Meanwhile, Co-
Pn synthesized using solvothermal reaction, as depicted in
Fig. 6(d) shown a well-defined flakes-like morphology, with
almost homogeneous distribution with practically smooth
surface. On average, they have a thickness of 337 nm, a length of
16.38 um, and a width of 1.69 pum.

For all the particles, the EDX spectrum confirmed the
predictable chemical composition, while the elemental
mapping images showed a uniform distribution of elements,
indicating consistent synthesis (Fig. S1, ESIt). In summary, the
diverse morphologies and scales of the synthesized materials,
directly influenced by the different synthesis methods, are
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expected to play a crucial role in determining the overall
structural, thermal, and electrical properties of the resulting
composites. Furthermore, the particle size distribution and
morphology are expected to impact on the dielectric and
ferroelectric properties of the composites. This study is there-
fore vital in assessing how these MP-Ps can improve the ferro-
electric behavior and B-phase content of PVDF, leading to high-
performance materials.

4.1.3. Thermal characteristics. Thermal characterization of
the synthesized particles was performed using thermogravi-
metric analysis (TGA). The weight changes observed during the
temperature variations provide insights into the composition of
the particles and their thermal stability.>® TGA curves depicted
in Fig. 7 revealed distinct degradation behaviors for the four
synthesized MP-Ps (Ni-P, Ag-P, Co-P, and Co-Pn). The Ni-P
particles exhibited two stages of degradation. The first stage,
occurring below 30 and 120 °C, was attributed to the loss of
physically adsorbed water, while the second stage occurring
between 120 and 340 °C corresponded to Fig. 8 the decompo-
sition of chemically bound crystalline water.>® In contrast, Ag-P
displayed a stable thermal profile with no observable degrada-
tion stages, indicating excellent thermal stability, a behavior
similarly observed for Co-P, which also showed no signs of
thermal degradation. On the other hand, Co-Pn demonstrated
two degradation stages. The first accruing bellow 100 °C was
due to the loss of adsorbed water or residual solvent. Notably,
the second stage involved a 2% weight loss at approximately
479 °C, reflecting the breakdown of surface-bound organic
residues, likely stemming from the ethylene glycol used as
a solvent and surface modifier.”” These findings underline the
varying thermal behaviors of the particles, influenced by their
composition and synthesis conditions, with Ag-P and Co-P
showing high thermal resilience, while the degradation of Ni-P
and Co-Pn highlights the impact of water and organic additives
on their thermal stability.

4.2. Characterization of composite films

4.2.1. Structural characteristics. Fourier Transform
Infrared spectroscopy (FTIR) plays a vital role in the character-
ization of the B-phase in PVDF, as it effectively distinguishes the
electroactive B-phase from the non-electroactive o-phase
through its unique vibrational modes. This technique provides
precise and reliable phase identification, making it indispens-
able for analyzing PVDF's phase composition and validating the
presence of electroactive phases in polymeric systems.*® Fig. 9
represents the FTIR spectrum of composite materials-based
MP-Ps. The spectrum of pure polyvinylidene fluoride (PVDF)
for all composition exhibits distinct absorbance bands typical
of nonpolar a-phase. These include bands at 488 cm ™" (CF,
wagging), 532 cm ™" (CF, bending), 615 cm™ " and 764 cm™ " (CF,
bending and skeletal bending), and 796 cm ' and 976 cm "
(CH, rocking). A slight peak at 838 cm ' (CH, rocking, CF,
stretching, and skeletal C-C stretching) is also present, sug-
gesting a slight presence of B or B + v crystals, as supported by
previous research findings.®® The lack of a characteristic

absorbance band for vy crystals around 1234 cm™ " indicates that
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Element Atomic % Weight %
Nickel 9.73 27.86
Oxygen 87.99 68.69
Phosphorus 2.28 3.45

Atomic % Weight %
69.25
5.96

Element Atomic % Weight %
13.53 35.64
82.70 59.14
Phosphorus 3.77 5.22

Fig. 6 SEM images and EDX spectrum of the as-synthesized particles: (a) Ni-P, (b) Ag—P, (c) Co—-P and (d) Co-Pn.

the minor peak around 840 cm ™" is likely due to the B-phase, samples exhibit a complete disappearance of the characteristic
signifying some polymer chain alignment in the TTTT confor- peaks associated with nonpolar a-phase. Prominent absorbance
mation within the pure PVDF film.*® In contrast, the composite ~bands emerge at 445 cm ™" (CF, and CH, rocking), 479 cm ™"
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Fig. 7 TGA curves of synthesized MP-Ps.

(CH, deformation), 510 cm " (CH, stretching), 600 cm™* (CH,
wagging), 838 cm ™', and 1274 cm ™. The presence of bands at
510 cm™ ', 838 cm™ ', 445 cm ™', and 1274 cm ', alongside the
absence of the y crystal band at 1234 cm ™' support the presence
of electroactive B-phase in PVDF film which suggests that even
a minimal filler concentration of 3 wt% can entirely suppress

Paper

the a-phase while encouraging the formation of the electro-
active B-phase. This aligns with the findings previously
confirmed by the XRD. Beside to that, an absorbance band have
been detected at 960 cm™" observed in higher particle loading
of composite PVDF/xAg-P and PVDF/xCo-P related directly to
the ionic phosphate group PO,*”,* is likely ascribed to the
incorporation of MP-Ps, providing further evidence of their
presence and complexation within the host polymer matrix.*
This validates the possible interaction between these particles
and PVDF, which is further supported by the XRD findings.

The fraction of B-phase in different samples is displayed
through quantitative measurement, which confirms this
conversion even further. The following formula is used to
determine B-phase percentage in PVDF:

AB
kg
“8)a,+ 4
(ka) .

4.2.2. Morphological characteristics. The morphological
alteration of the prepared films was assessed using the SEM.
From Fig. 10 it is seen that for the pure PVDF surface, a globular
structure with a porous region between the globes has been
detected. However, a more smooth and dense morphology is
observed from the cross-section. Surface globular structure has
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Fig. 8 XRD patterns of composite films (a) PVDF/Ni—P, (b) PVDF/Ag—P, (c) PVDF/Co—-P and (d) PVDF/Co-Pn.
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Fig. 9 FTIR spectrum (a)-(d) along with B-phase percentage (e) of the elaborate composite films.

seen to be smoother with low percentage addition of the Ni-P  surface morphology is appearing but with reduced pore size and
nanoparticles for the composite PVDF/3Ni-P. Along the cross- deformed globule shape. From the cross section homogeneous
section it is observed a homogeneous distribution of the Ni-P  distribution of the Ni-P is observed without relative agglomera-
nanoparticles with no aggregates. Compared to the surface tion proposing excellent dispersion within the polymer matrix.
morphology of the Neat PVDF, a relevant change it is noted Indicating that the filler phase acts as a crystal nucleating agent
suggests that the Ni-P particles affect the morphology of PVDF/  affecting the size and the perfection of the polymer crystal,*
xNi-P composites. With the percentage of 7 wt% of the Ni-P same  confirming the previous results from FTIR and XRD.
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PVDF/3Ni-P PVDF/7Ni-P

10 um
PVDF/7Ag-P

10um
PVDF/3Ag-P

10pm
PVDF/3Co-P

10pm

PVDF/3Co-Pn

Fig. 10 SEM images of (a) neat PVDF, (b) cross-sectional view of
composite films, and (c) surface morphology of composite films.

For the composite PVDF/xAg-P, following a similar trend
with the addition of 3 wt% of Ag-P as low percentage the surface
shows to be smooth compared to pure PVDF with some
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minimal aggregation of particles in the surface, also from the
cross section the surface is dense with relatively no agglomer-
ations. Furthermore, the addition of 7 wt% of Ag-P with a high
aspect ratio showing no obvious aggregation either on the
surface nor in the cross-sectional part but with a globular
structure and larger pores on the surface. Demonstrating
a change in the crystalline structure. The shift from a globular
structure to a smoother one can be explained by the fact that
small blocks of lamella are pulled away from the original
lamellae to form a fibrillar structure of crystallites, this micro-
structural alteration is linked to the a- to B-phase changeover.®
This aligns perfectly with the previously discussed findings
from XRD and FTIR.

For the composite PVDF/xCo-P, a globular structure is
observed at both low (3 wt%) and high (7 wt%) filler concen-
trations. At the lower concentration, the surface appears denser
with minimal voids, while larger pores become evident at
higher filler concentrations. This structural change is attributed
to matrix modification. At higher filler levels, some particles are
partially embedded in the surface, appearing both exposed and
immersed, which increases surface roughness compared to
pure PVDF. Cross-section reveals a dense surface with no visible
particle agglomeration. The absence of gaps between the
particles and the matrix suggests strong interactions between
the polymer and the particles.®

In contrast, for the composite PVDF/xCo-Pn, smooth
surfaces are observed at both filler concentrations, with the
particles fully embedded within the film surface. Cross-
sectional examination indicates that the particles are well
incorporated into the polymer matrix without observable gaps.
However, minor voids are noted, potentially caused by particle
pull-out during fracture.®” This phenomenon is more prom-
inent at higher filler concentrations and could be linked to the
initiation of agglomeration, which may hinder interactions
between the polymer and the fillers. These observations align
with previous findings, where the B-phase content decreases at
higher filler concentrations, indicating reduced interactions
between the polymer matrix and the fillers.

This leads us to the conclusion that the structure and
interactions within the host polymer matrix are significantly
impacted by the morphology of the filler particles, which leads
to modifications in the overall properties of the composite.®
Dispersion of the fillers is another important issue that can have
a big impact on the performance of the composite. Particle
agglomeration can produce stress concentration points, which
is well recognized in composite materials and may weaken the
mechanical properties of the composite.”* Achieving good
dispersion, as seen in most of the composites, plays a critical
role in improving their mechanical performance.

4.2.3. Thermal characteristics. Thermogravimetric analysis
(TGA) is a widely used analytical technique that has been
employed to give essential information about the thermal
behavior of polymers and polymer composites.”® The TGA
curves for the pure PVDF film and its composites are shown in
Fig. 11, providing insights into their weight loss profiles.
Complementary information is provided in the derivative ther-
mogravimetric (DTG) curves, displayed in Fig. S2 of the ESL T
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which further elucidates the degradation patterns and
maximum decomposition rates of the materials. And Table 1
summarizes the values of initial degradation temperature
(Tonset)y maximum degradation rate temperature (Tpay), Ob-
tained through the peak of the mass loss derivative, and residue
content, corresponding to the remaining mass at 700 °C.
From the current data it is observed that the pure PVDF film
is stable up to 340 °C, after which follows a one-step degrada-
tion. The process of breakdown seen in pure PVDF involves the
carbon-hydrogen bond breaking, which produces hydrogen
fluoride, and then more hydrogen fluoride loss throughout the
polymer chains.®® The incorporation of MP-Ps into the PVDF
matrix resulted in a notable increase in the onset degradation
temperature of the composites, indicating a significant
enhancement in the thermal stability of PVDF when combined
with MP-Ps.®”” Moreover, the thermal stability further improved
with increasing filler content in the composites. The first
derivative peak temperature of pure PVDF was observed at 484 °©
C. For composites containing Ni-P filler, the peak temperatures
were 500 °C and 505 °C for 3 wt% and 7 wt%, respectively.
Similarly, PVDF/xAg composites exhibited peak temperatures of
503.31 °C and 505.77 °C for 3 wt% and 7 wt%, respectively.

RSC Advances

Table 1 Thermogravimetric results of pure PVDF and composites

Samples Tonset (°C) Tmax (°C) Char content%
PVDF neat 470.44 484.30 23.21
PVDF/3Ni-P 490.79 499.46 21.34
PVDF/7Ni-P 495.36 503.93 23.15
PVDF/3Ag-P 489.66 503.31 25.33
PVDF/7Ag-P 490.42 505.77 26.88
PVDF/3Co-P 473.99 490.69 25.92
PVDF/7Co-P 483.19 498.70 29.36
PVDF/3Co-Pn 476.06 499.46 24.45
PVDF/7Co-Pn 489.64 503.77 19.08

Composites with Co-P particles showed peak temperatures of
490.69 °C and 498.70 °C for 3 wt% and 7 wt%, respectively,
while composites with Co-Pn particles displayed peak temper-
atures of 499.46 °C and 503.77 °C for 3 wt% and 7 wt%,
respectively.

The thermal behavior of the PVDF composites can be directly
linked to the thermal characteristics of the incorporated MP-Ps
depicted in Fig. 7. The improved thermal stability observed in
the composites is influenced by the high thermal resilience of
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Fig. 11 TGA curves of PVDF and composite films (a) PVDF/Ni-P, (b) PVDF/Ag-P, (c) PVDF/Co-P and (d) PVDF/Co—Pn.
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MP-Ps particles like Ag-P and Co-P, which exhibit no significant
degradation in TGA analysis. These stable particles enhance the
overall thermal performance of the PVDF matrix. Conversely,
the degradation stages of Ni-P and Co-Pn, associated with
water loss and organic residue decomposition, suggest that
their influence on the composite's stability is partly due to these
factors. Nonetheless, the uniform dispersion of MP-Ps within
the PVDF matrix likely mitigates these effects, contributing to
the observed increase in the degradation temperatures, espe-
cially at higher filler concentrations.®®

Understanding the effect of these fillers on the enhanced
thermal stability of the composite requires first examining the
degradation mechanism of PVDF. This will help determine
whether the improvements are linked to phase transitions and
changes in the crystalline structure, as previously noted in other
analyses. Hence, to create C-C double bonds, the PVDF begins
with the generation of free radicals by first scissoring the -C-H
bond and then the -C-F bond.* The elimination of hydrogen
fluoride is subsequently spread across the chains of polymers.
Thus, mass loss happens in two stages: HF elimination and the
polymer chain's disintegration. Meanwhile, there are other
factors involved in this enhancement. MP-Ps can function as
radical scavengers, effectively inhibiting chain transfer reac-
tions and preventing the decomposition of polymer chains. As
a result, the nucleation rate is reduced, requiring more time for
volatiles to accumulate to a critical concentration.” This leads
to an improvement in the thermal stability of the composite
compared to neat PVDF.

Notably, the char content shows an increase for composites
containing Ag-P and Co-P, while a decrease is observed for
composites containing Ni-P and Co-Pn. The improvement in
char content for composites containing Ag-P and Co-P can be
attributed to the inherent thermal stability and high thermal
resilience of these particles. Both Ag-P and Co-P exhibit
minimal or no significant degradation during TGA analysis, as
they lack water content and organic residues that contribute to
weight loss. This stability ensures that these particles form
a robust, thermally resistant residue at higher temperatures,
thereby increasing the char content in the composites. In
contrast, composites containing Ni-P and Co-Pn show rela-
tively lower char content due to the thermal behavior of these
particles. Ni-P undergoes significant weight loss in two degra-
dation stages, primarily due to the loss of physically adsorbed
water and decomposition of chemically bound crystalline water.
Similarly, Co-Pn exhibits degradation related to the loss of
water and the breakdown of surface-bound organic residues.
These processes reduce the amount of stable residue remaining
at higher temperatures, resulting in a lower char content in the
composites.

Likewise, the melting and crystallization behaviors of PVDF
and PVDF composites are measured using a DSC analyzer.
Additional insights into the influence of fillers on polymer
crystallinity are obtained through these DSC determinations.
The melting temperature (T,,), enthalpy of melting (AH,,),
crystallization temperature (7.), and crystalline (X.) were
extracted from the DSC curves, as shown in Fig. 12 and Table 2.
These parameters provide valuable insights into the thermal

15230 | RSC Adv, 2025, 15, 15218-15239
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behavior and stability of the materials. The melting tempera-
ture of pure PVDF was found to be 162.94 °C. With the addition
of the fillers, it was observed that melting endotherms are
broader, and their peak temperatures shifted slightly to lower
temperatures. Changes in the melting temperature can be
attributed to alterations in the crystal structures of PVDF within
the composites. This suggests that the formation of double
bonds during the reaction may slightly modify the main chains
of PVDF, thereby affecting the melting temperature. This
phenomenon can confirm the presence of the B-phase, which is
known to have a melting point lower than that of the a phase
crystal of PVDF, as documented in the literature.®”””*”> The
changes observed in each composite depend on its composi-
tion. Variations in melting points suggest differences in
particle-PVDF interactions, which align with SEM images
showing distinct morphological modifications in each material.
Furthermore, in the same tendency the melting enthalpy and
crystallinity shows a significant increment, which means that
more energy is required to break the crystalline structure which
indicates stronger intermolecular interactions confirming the
FTIR finding. The presence of strong intermolecular interac-
tions, such as hydrogen bonding or dipole-dipole interactions,
within the composite film can contribute to higher melting
enthalpy. In the case of PVDF composites, if the B-phase is
prevalent, the strong polar interactions between the parallel
dipoles in the TTT conformation would be a factor and that
could be explained by the previous result from the XRD and
FTIR.* The inclusion of fillers or additives in the composite film
can enhance the crystallization process or reinforce the polymer
matrix, contributing to the increased melting enthalpy. These
fillers could act as nucleating agents, promoting the formation
of crystalline regions. High crystallinity often leads to improved
mechanical properties, such as increased stiffness, tensile
strength, and toughness. The composite films would be more
robust, and durable compared to neat PVDF.

4.2.4. Mechanical characteristics. Research on the
mechanical properties of composite materials used in piezo-
electric applications is critically important, as these properties
directly affect the material's ability to convert mechanical stress
into electrical energy. The mechanical performance of piezo-
electric composites influences their durability, flexibility, and
overall efficiency in energy harvesting and sensing applications,
making it essential to optimize these properties for enhanced
functionality.” Significant variables that affect the overall
mechanical properties of the composite systems including
particles size, shape, distribution, and dispersion within the
polymer matrix, as well as their reinforcing and interfacial
compatibility.”*”

Therefore, comprehensive tensile test has been carried out to
examine the effects of the shape and size of the synthesized
particles (Ni-P, Ag-P, Co-P and Co-Pn) and their interactions,
particularly their interfacial adhesion within the PVDF host
matrix on the overall properties of the prepared composites.
The tensile stress-strain graph provides key parameters:
Young's modulus, tensile strength, and strain at break. Young's
modulus reflects the material's ability to store mechanical
energy during elastic deformation.” Tensile strength which is
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Fig. 12 DSC curves of PVDF and composite films (a and b) PVDF/Ni—P, (c and d) PVDF/Ag-P, (e and f) PVDF/Co—-P and (g and h) PVDF/Co—Pn.

known as the maximum stress that a material can resist when
subjected to uniaxial tensile. Strain at break indicates ductility,
with higher values signifying greater flexibility.>* The findings
are shown in detail in Fig. 13.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The results indicate that all the produced composites exhibit
a significant improvement in Young's modulus compared to
neat PVDF. Composites containing Ni-P and Ag-P demon-
strated similar enhancements at both loading percentages
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Table 2 Data obtained from DSC analysis

Samples Tm (°C) AH, (g™ X, (%)
PVDF neat 162.49 18.67 17%
PVDF/3Ni-P 160.33 21.76 21%
PVDF/7Ni-P 159.76 24.76 25%
PVDF/3Ag-P 160.74 27.89 27%
PVDF/7Ag-P 160.20 26.13 27%
PVDF/3Co-P 159.91 19.60 20%
PVDF/7Co-P 159.91 20.32 21%
PVDF/3Co-Pn 161.44 22.47 22%
PVDF/7Co-Pn 159.88 27.07 28%

(3 wt% and 7 wt%), with their Young's modulus exceeding twice
the value of neat PVDF. Meanwhile, composites with Co-P also
showed improved Young's modulus, although the enhance-
ment was moderate compared to PVDF/xNi-P and PVDF/xAg-P.
In contrast, composites filled with Co-Pn displayed a distinct
behavior: a significant improvement in Young's modulus was
observed at 3 wt% loading, but the modulus decreased at higher
particle loading (7 wt%). It is reported that the Young's modulus
is generally insensitive to the particles size and generally
increased with increasing particles loading since rigid inorganic
MP-Ps generally have a much higher stiffness than polymer
matrix.”* This increase with an increase in fillers fraction, as
expected due to the higher intrinsic strength and stiffness of

Paper

these particles compared with the PVDF matrix. Suggesting
their excellent reinforcing effect as they make the composites
stiffer by restricting the mobility of PVDF macromolecules
under tensile stress. Such significant improvements in
mechanical properties are largely attributed to the good
dispersion of the fillers and their very high specific surface areas
that help distribute load from the polymer matrix to the
fillers.™>’® In contrast to the other composites, we find that
composite PVDF/7Co-Pn has a noticeably lower Young's
modulus. The reason behind this decrement could be directly
supported by the prior assumption from SEM observation that
there are tiny voids in this composition, most likely brought on
by the initial phase of agglomeration. Factors like entangled
molecular chains, voids, and other defects usually weaken and
decrease stiffness, which has a negative impact on the
mechanical properties.”™

The effect of different particle loading on the tensile strength
of the composite polymer also is discussed. As was discussed
previously, tensile test results showed an increase in elastic
modulus with increasing powder loading using different MP-Ps
(Ni-P, Ag-P, Co-P and Co-Pn) with different size and
morphology. In contrast, the tensile strength of the composite
generally decreased with increasing particles loading beyond.
This refers to a variety of parameters. It is demonstrated that the
strength of composites is determined not only by particle size
and particle/matrix interfacial adhesion but also by particle
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loading.”” From the available data, it is observed that there is an
enhancement in the strength of particularly all the composite
materials with Ni-P, Ag-P, Co-P and Co-Pn with both 3 wt%
and 7 wt% of loading, this could be interpreted in first class by
the excellent adhesion between this particles and the PVDF
matrix, related to the interaction acquiring between this latter
and the host matrix as it is evident from the previous founding
supports by the XRD and FTIR. The tensile strength of polymer-
based composites is significantly influenced by the quality of
filler dispersion within the host matrix and the interfacial
interactions between the fillers and the polymer. For flake-like
Co-Pn particles, a 3 wt% loading demonstrates higher tensile
strength due to better dispersion and enhanced stress transfer
at the interface, resulting in superior reinforcement. In
contrast, at 7 wt% loading, the tensile strength decreases, likely
due to filler agglomeration, which creates stress concentrations
and weakens the polymer-filler interface.” The planar
morphology of flakes allows for reinforcement in two dimen-
sions, offering higher mechanical performance when the fillers
are well-aligned and evenly distributed.” Poor dispersion,
however, can lead to low interfacial adherence, compromising
the composite’s tensile strength.”

By evaluating the elongation at the break parameter, the
produced films containing Ni-P, Ag-P, Co-P, and Co-Pn parti-
cles were further examined for ductility and flexibility. The
composites capacity to withstand significant deformation prior
to failure is shown by their greatest elongation value.** The
findings indicate that composites containing 3 wt% of fillers
exhibit the highest elongation at break. For composites with
PVDF/xNi-P, similar elongation at break is observed for both
filler loadings (x = 3 wt% and 7 wt%), which can be attributed to
the homogeneous dispersion and strong adhesion between the
nanoparticles and the PVDF matrix, as previously confirmed by
SEM analysis. As discussed, XRD and FTIR result also confirm
these strong interactions. Further supported by the enhance-
ment of the B-phase at higher filler percentages. The improved
interaction can be linked to the small size and large surface area
of the nanoparticles, which increases interfacial adhesion and
promotes better compatibility with the polymer matrix. For
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PVDF/xAg-P and PVDF/xCo-P composites, a similar trend is
observed, with elongation at break being enhanced at 3 wt%
filler loading but decreasing at 7 wt% loading. This decrease can
be attributed to the initiation of particle aggregation at higher
loadings, which directly impacts interfacial adhesion. Conse-
quently, this weakens the matrix-filler interaction, leading to
the observed reduction in elongation at break with increased
filler content. For composite PVDF/xCo-Pn different behavior is
remarqued with enhancement of the it could relate to the
planar morphology of these flakes like particles providing large
contact area, which resulted in the increase in strain at break
providing more flexibility and ductility.**

To conclude, the study highlights the significant influence of
particle type, size, morphology, and loading on the mechanical
properties of PVDF composites. The incorporation of MP-Ps
(Ni-P, Ag-P, Co-P, and Co-Pn) enhances Young's modulus
and tensile strength due to improved filler dispersion, interfa-
cial adhesion, and stress transfer within the matrix. However,
excessive filler loading, particularly with flake-like Co-Pn
particles, leads to agglomeration, void formation, and reduced
mechanical performance. The ductility and flexibility of the
composites are optimized at lower filler loadings (3 wt%),
making these materials promising for applications in energy
harvesting and piezoelectric devices where mechanical robust-
ness and flexibility are critical.

4.2.5. Ferroelectric characteristics. P-E hysteresis loops
provide critical information regarding a material's polarization
behavior and serve as essential evidence for confirming ferro-
electric character by demonstrating the nonlinear relationship
between polarization and electric field, including key parame-
ters such as remnant polarization (P,) and maximum polariza-
tion (Ppay), which quantify the material's ability to maintain
polarization after field removal and its total polarization
capacity, respectively.** Fig. 14 shows P-E hysteresis loops for
the composites at a voltage of +5 kV. Among all prepared
composites, only PVDF/Ni-P and PVDF/Co-P were selected for
PE-hysteresis loop measurements, as they demonstrated the
most promising behaviour in terms of morphology, filler
dispersion, and B phase enhancement. This strategic choice was
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11— pvDFaNI-P — PVDF/3Co-P
g 0.24— PVDF/7Ni-P & 0.24—— PVDF/7Co-P
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Fig. 14 PE-hysteresis loops of PVDF and composite films: (a) PVDF/Ni—
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P, (b) PVDF/Co-P.
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Table 3 Summary of the structural, morphological, and mechanical properties of PVDF base MP-Ps composites

B-Phase Surface morphology Mechanical Filler

Composite content (%) (SEM) performance dispersion Remarks

Pure PVDF ~42 Globular, porous Low mechanical No filler Low B-phase, porous, weak
surface strength mechanical profile

PVDF/3Ni-P 89 Smoother surface, Improved strength & Homogeneous Good B-phase, good matrix
uniform structure flexibility integration

PVDEF/7Ni-P 91 Dense, smooth, non- High strength and Excellent Best overall performance;
porous morphology elasticity high crystallinity

PVDF/3Ag-P 96 Smooth, minor surface Moderate Fairly uniform High B-phase, moderate
aggregates mechanical strength interaction

PVDF/7Ag-P 92 Rougher, large pores Weakened at higher Acceptable Surface roughness reduces

filler performance

PVDF/3Co-P 81 Dense with minimal Decent performance Good Stable morphology with
voids minor modification

PVDF/7Co-P 73 Larger pores, exposed Reduced strength Partial Surface irregularities affect
filler particles agglomeration properties

PVDF/3Co-Pn 91 Smooth, embedded Good at lower Well distributed Slight voids from pull-out
particles loading noted

PVDF/7Co-Pn 68 Smooth, minor voids Lower strength due Moderate Onset of agglomeration;

to voids reduced B-phase

based on the comprehensive performance summary shown in
Table 3. Although the PVDF/Ag-P composite exhibited the
highest B phase content, its microstructural features, such as
increased surface porosity and larger globules observed via SEM
indicated a less favourable morphology for stable ferroelectric
domain formation. These characteristics may hinder effective
dipole alignment and remnant polarization, limiting its prac-
tical ferroelectric response. Therefore, it was excluded from PE-
loop analysis to focus on the most representative and high-
performing systems.

For PVDF/Ni-P composites, the remnant polarization (P;)
doubles from 0.02 uC cm™~? in pure PVDF to 0.04 pC cm™ > at
3 wt% loading, while the maximum polarization (Pp.y) signifi-
cantly increases from 0.16 pC cm > to 0.26 pC cm 2. This
enhancement can be attributed to the nucleation effect of Ni-P
particles on B phase formation, which enables more effective
dipole alignment under applied electric fields as previously
discussed in the XRD and FTIR section.® At 7 wt% Ni-P loading,
P, maintains its value (0.04 uC cm™2), but P, shows a slight
decrease to 0.23 uC cm ™2, suggesting that while dipole retention
remains stable, the overall polarization capability becomes
partially hindered at higher filler concentrations.?***

The PVDF/Co-P system exhibits distinct behaviour compared
to its Ni-P. Remnant polarization increases progressively from
0.02 uC cm™2 in pure PVDF t0 0.05 pC cm ™ at 3 wt% and further
to 0.06 uC cm ™ ? at 7 wt%, demonstrating superior dipole stabi-
lization with increasing Co-P content. However, while the
maximum polarization initially increases from 0.16 pC cm™? in
pure PVDF to 0.28 uC cm™ > at 3 wt%, it dramatically decreases to
0.10 uC cm™2 at 7 wt%, representing a reduction of approxi-
mately 64% compared to the 3 wt% loading and falling below
even the pure PVDF value. This substantial drop indicates that
while Co-P particles effectively enhance remnant polarization
through stabilization of polarized domains, they significantly
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impede the total achievable polarization at higher concentra-
tions. The higher P, values observed for Co-P composites suggest
stronger interfacial interactions that stabilize the polar § phase,
consistent with the higher electronegativity of cobalt compared
to nickel.** However, the sharp decrease in P,,, for PVDF/7Co-P
indicates that beyond a critical concentration level, these parti-
cles begin to act as defect sites that impede complete domain
alignment under applied fields.*®

The enhanced ferroelectric response in these composites
originates from two primary mechanisms. First, increased
B phase content with its inherently higher dipole moment per
unit cell and also enhanced interfacial polarization at the filler-
polymer boundaries. At moderate filler concentrations (3 wt%),
these mechanisms operate synergistically, while at higher
loadings (7 wt%), particularly for Co-P, competing effects of
polarization enhancement and matrix disruption become
evident.*” The SEM observations also support this interpreta-
tion, where signs of agglomeration and non-uniform dispersion
were observed at higher filler loadings, particularly for the Co-P
composite. These microstructural discontinuities likely
contribute to the observed decrease in maximum polarization
by creating local disturbances in the electric field distribution.?”
These results indicate that optimal ferroelectric properties for
potential applications in energy harvesting and sensing devices
are achieved at moderate filler concentrations (approximately
3 wt% for both systems), where enhancement of B phase
content and interfacial polarization operate without signifi-
cantly disrupting the polymer matrix continuity.

When comparing our results with literature reports, the PVDF/
Co-P and PVDF/Ni-P composites demonstrate remarkable
ferroelectric performance with relatively low filler loadings. As
shown in Table 4, our PVDF/3Co-P composite achieves a remnant
polarization of 0.05 pC cm™> with only 3 wt% loading and 81%
B phase content, while PVDF/7Ni-P reaches a Pr of 0.04 pC cm™>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of ferroelectric properties in PVDF based composites

Composite system Preparation method Filler content (wt%) B-Phase (%) Pr (uC cm?) Reference
PVDF/3Co-P (this work) Solution casting 3 81 0.05 Present study
PVDF/7Ni-P (this work) Solution casting 7 91 0.04 Present study
PVDF/CoFe,0, Spin coating 15 ~80 0.0006 83
(0.8)PVDF/(0.2)BaTiO; Solution mixing method 20 — 0.045 88

¢BNT + (1 — ¢)PVDF Solution casting 5 ~50 0.025 89

15PZNT Drop casting technique 15 88.9 0.035 90

with 7 wt% loading and 91% [B-phase content. These values are robustness, mechanical reinforcement, and ferroelectric

comparable to or exceed those reported for others research
groups despite our significantly lower filler concentrations. These
results highlight the exceptional efficiency of MP-Ps as fillers for
enhancing PVDF's ferroelectric properties at minimal loading
levels, demonstrating remarkable potential for next-generation
piezoelectric energy harvesting systems where high perfor-
mance to weight ratio and cost-effectiveness are crucial design
parameters.

5. Conclusion

In this work, we successfully developed novel PVDF/metal
phosphate (MP-Ps) composite materials with significantly
enhanced ferroelectric properties, representing a substantial
advancement in the field of energy harvesting and flexible
electronics. The structural, thermal, mechanical, and ferro-
electric properties of the composites were systematically inves-
tigated, yielding quantitative and novel findings. Flexible
composite films with B-phase content improvements ranging
from 68% to 96% and superior ferroelectric responses were
fabricated using the solution casting method, demonstrating
their potential for high-performance applications.

The SEM analysis revealed exceptional dispersion of MP-Ps
within the PVDF matrix, a key factor contributing to the
mechanical property enhancements. Strong interfacial interac-
tions enabled by this uniform dispersion resulted in tensile
strength improvements of up to 181.83% and Young's modulus
increases reaching 184.76% (both in PVDF/3Co-Pn). In addi-
tion, the incorporation of MP-Ps led to notable improvements in
thermal stability, with onset degradation temperature increases
of 24.92 °C (PVDF/7Ni-P) and maximum degradation temper-
ature enhancements of 21.47 °C (PVDF/7Ag-P), underscoring
the multifunctional potential of these composites.

The impact of MP-Ps on ferroelectric performance was
particularly remarkable. PVDF/7Co-P composites showed
a 200% increase in remnant polarization (from 0.02 to 0.06 pC
cm?), and PVDF/3Co-P exhibited a 75% increase in maximum
polarization (from 0.16 to 0.28 uC cm™?). These improvements
were driven by the synergistic effects of enhanced B-phase
content and homogeneous filler dispersion, emphasizing the
pivotal role of particle morphology and matrix interaction in
tuning the material's functional performance.

Based on the comprehensive analysis across all formulations
(Table 2), PVDF/7Ni-P was identified as the most promising
system, offering the best balance of structural integrity, thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry

response. Unlike the Co-P composites, which exhibited
agglomeration at higher loadings despite strong ferroelectricity,
PVDF/7Ni-P maintained consistent property enhancement with
excellent dispersion and structural homogeneity, marking it as
the most practically viable candidate.

In summary, the incorporation of MP-Ps into the PVDF
matrix proves to be an effective strategy for the development of
high-performance composite films with quantifiable, syner-
gistic enhancements across structural, thermal, mechanical,
and ferroelectric domains. The significant improvements
observed in this study up to 96% p-phase content, 184.76%
increase in mechanical strength, 24.92 °C rise in thermal
stability, and 200% increase in remnant polarization, underline
the transformative potential of metal phosphate nanoparticles
in designing next-generation functional materials for flexible
energy harvesting systems and advanced electronic
applications.
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