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Multifaceted enhancement

of piezoelectricity and optical
fluorescence in electrospun PVDF-
ceria nanocomposite
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This study investigates the enhancement of piezoelectric and optical fluorescence properties in
electrospun polyvinylidene fluoride (PVDF) nanocomposite membranes doped with cerium oxide (Ce3*)
at varying weight percentages. An optical characterisation using absorbance analysis found a blue shift
in the bandgap of the ceria NPs, which also enhanced UV absorption in the PVDF polymer. At some
additive doses, luminosity analysis demonstrated an incremental fluorescence impact. However, above
a certain point, additional increases seemed to have a quenching effect, which decreased fluorescence.
FTIR based analysis revealed the enhanced [ sheets content to 61.75% in the sample of PVDF with

a ceria 5 wt%. The fabricated nanofiber membrane displayed an average fiber diameter of around

108 nm. XRD analysis confirms that the incorporation of Ce3* significantly promotes the formation of
the B-phase in PVDF, thereby improving its piezoelectric response. Additionally, water contact angle
measurements indicate increased hydrophobicity in the nanocomposite membranes, expanding their
applicability in sensing and energy harvesting applications. ICP-OES and XRF analysis confirm that Ce
was successfully incorporated with the PVDF chain. The dual role of ceria as both a nucleating agent for
B-phase formation and an optical fluorescence enhancer highlights its potential for the development
of multifunctional nanocomposites. This work presents a novel approach to engineering PVDF-

based materials with enhanced piezoelectricity and optical fluorescence for advanced technological
applications. This ultrasensitive PVDF with a ceria 5 wt% nanogenerator demonstrated pronounced
piezoactivity, generating a maximum of 9V with 3 N load at 1.5 Hz frequency which is almost three
times of the output generated by pure PVDF. The formed oxygen vacancies according to tri-valent
cerium ions, which have been showed through optical characteristics, supports the nucleation of

PVDF chains around ceria NPs. The resultant PVDF/ceria nanomembrane demonstrated a remarkable
maximum power density of 89 mW/m?, demonstrating its load-bearing capability. With its dual
functionality as an optical sensor and an energy harvesting unit, this adaptable nanocomposite shows
potential for use in multifunctional devices.

Keywo rds Fluorescent nanostructure, Beta phase, Percolation threshold, Absorbance, Electroactive phase,
Crystallinity

Piezoelectric nanostructures are a special class of smart materials that possess the ability to harness electrical
energy from mechanical vibrations and the principle of piezoelectricity can be utilized for energy harvesting
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applications where the unused vibrations, mechanical motions or human body generated movements can
be employed for reaping electrical energy for low power devices. Ambient energy based harnessing mainly
requires flexibility and adaptability nature and thereby our field of focus is on polymer based nanogenerators
where the incorporation of some organic/inorganic additives, even some ceramics or crystals can enhance the
piezoactivity!=. This work focuses on the crystalline piezoactive material PVDE, produced through free radical
polymerization of 1,1-difluoroethylene (CHZ:CFZ). PVDF has exceptional electroactive characteristics, flexibility,
stability, weightlessness, and excellent mechanical, thermal, and biocompatible qualities. Its polymorphic
structure is due to inter-structural transformation and molecular chain packing, with the crystalline behavior
mainly responsible for the net dipole moment of the polymer chain®3. The chain configuration of PVDF is
shown in Fig. 1.

Among the five polymorphic phases, «, 5, and v are commonly available crystalline phases out of which
B phase is the most important one due to its piezoelectric property. The B phase in PVDF nanofibers exhibits
significant piezoelectric properties due to the alignment of dipole moments in parallel orientation, where C-F
dipoles and C-C chain backbone are arranged in such a way that they cancel each other as shown in Fig. 1b.
Enhancing piezoelectric property in general requires optimization of factors such as crystallinity, p phase
content, dipole alignment, and molecular chain alignment’'3. The a phase, the most common phase, can be
converted into it’s polar forms and then finally in to  phase by the application of high electric fields and simple
poling techniques'

Electrospinning is a specific electrohydrodynamic fabrication process driven by a high voltage for the
production of ultrafine nanofibers and present study utilizes this fabrication technique for the production
of beta phase rich nanofibers. It stands out as the most convenient and efficient method for generating long,
flexible nanofibers with controlled diameters (from 50 to 1000 nm) and morphology, offering easy orientation
direction for various applications'®-22. Incorporating nanofillers with PVDF improves  phase content but can
cause induced charges at the boundary, affecting crystallinity. The effect of nanoparticles only works positively
above a percolation threshold, which is the specific concentration of nanoparticle content above which the
rheological properties increase exponentially. These NPs act as nucleate agents in the initial crystallization
process, supplying energy for alpha-to-beta phase transformation. Also, electrically conductive nanofillers
can improve the alignment of dipoles during poling process. Active nanofillers improve the properties and
piezoresponse of pure nanofibers, enabling multipurpose applications. For instance, gold nanoparticles (Ag
NPs)- and carbon dots based PVDF electrospun nanofibers show enhanced piezoresponse and acoustic sensing.
Silver nanoparticles (Au NPs) incorporated PVDF nanofibers show improved crystal area and electrothermal
effects, making them suitable for tissue engineering scaffolds?*-?>. Moreover, the addition of ZnO, HFP, TBAC,
CD, PZT, and Cu NPs significantly boosted the PVDF-based nanostructures’ piezoactivity'®*%-30. Fluorescent
nanostructures are additives that enhance the optical activity or behaviour of nanofibers in polymer solutions.
Photoluminescent electrospun nanofibers, fabricated by incorporating inorganic precursor materials, are crucial
in optical nanosensors due to their fluorescence quenching mechanism. NaYF4: Eu+3 nanophosphor is an
important additive for a range of polymers as part of luminescent composite nanofiber fabrication, suitable for
lighting applications, which is based on fluorescence quenching mechanism?!-*’. Ceria has been found to be a
propitious optically active nanoparticle having effective oxide storage capacity based on reduction-oxidation
(redox) features. The oxygen vacancies that occur within the crystalline framework of cerium serve as adsorbing
sites for charged small metal-based particles, oxygen, and radicals. The production of tri-valent cerium ions trap
energy levels, which are optically active due to a lowered bandgap near 3 eV, is linked to those vacancies®®. Ceria
has been found to be effective in incorporating chitosan nanofibers thus the incorporation of ceria like NPs onto
a piezoactive polymer solution like PVDF can generate optical activity. In addition, the piezo-enhancement
property of ceria NPs while incorporated onto polymer like PVDF is proved from some literatures®. The addition
of inorganic NPs like ceria can modify polymer properties and generate electroactive phases such as  and Y.
The electroactive phase generation is due to the ion dipole interaction by the incorporation of surface charged
NPs*!. Ceria nanostructures are efficient fluorescent nanostructures with excellent thermal stability, dielectric
properties, high surface area, large pore volume, and ionic conductivity’>-**. Cerium, a rare earth lanthanide
element with low toxicity, has oxygen storage capacity and reduction-oxidation processes, making them
important in fluorescence and optical activity applications. Under ultraviolet excitation, ceria produces visible
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Fig. 1. (a) Chain configurations of PVDE, and (b) PVDF crystalline piezoelectric B (TTTT) phase showing
resultant nonzero dipole moment.
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fluorescence emission, leaving oxygen vacancies for quenchers?>. Cerium nanostructures has dual ionization
states; Ce** and Ce** and among these two states, cerium trivalent trap state is responsible for the fluorescent or
optical properties where the transition occurs from 5d-4f energy levels. The fluorescence lifetime is associated
with the time taken by the trivalent cerium ion in the excitation state’®?”. The scope of the incorporation of
ceria nanoparticles within polymers are reported in several recent works including biomedical application. The
potential uses of cerium nanoparticles (CeO, NPs) in anti-oxidation, cancer treatment, photocatalytic pollution
degradation, sensors especially as optical sensors for water quality monitoring and other areas have made them
desirable materials in both the biomedical and industrial domains*®->3,

The above previous studies have primarily focused on enhancing the -phase content in PVDF using various
metal oxides without considering additional functionalities such as optical fluorescence. Ceria (Ce**)-doped
PVDF has not been extensively studied, particularly in terms of its dual role in enhancing both piezoelectric
and optical properties. While previous reports suggest that rare-earth dopants can improve certain dielectric
characteristics of PVDE, their nucleating effects on p-phase formation and fluorescence enhancement remain
largely unexplored. This study addresses this gap by systematically investigating the role of Ce** in tuning
PVDF’s structural, electrical, and optical properties. Our findings demonstrate that Ce>* acts as a nucleating
agent, increasing the B-phase fraction and consequently improving the piezoelectric response. Additionally, Ce**
imparts fluorescence properties, making the nanocomposite multifunctional. These dual enhancements make
PVDEF-ceria nanocomposites promising candidates for applications in flexible sensors, energy harvesters, and
bioelectronics. In the present study, we used ceria NPs as nanofillers, where the piezoelectric properties of PVDF
can be controlled by their addition. Based on the understanding from literatures, our aim is to focus on the scope
of PVDF ceria-based nanofibers in the field of multifunctional sensors by including the best optimum content
of ceria NPs that can be incorporated successfully without affecting the morphology of pure PVDF nanofibers.
Cerium nanoparticles are prepared using the chemical precipitation technique. Finally, the prepared NPs are
added on to the PVDF solution based on the required concentration and the mixture solution is loaded for
electrospinning process where PVDF/ceria nanofibers will be fabricated. The multifunctional behaviour such
as piezo enhancement and optical activity of these nanocomposite-based nanofibers is analysed. Piezoactivity
based application mainly includes the field of sensors and energy harvesting, while optical activity paves a way
in the field of UV filters and environmental pollutant sensing®®. Thus, our aim is to develop a highly efficient
optically active piezoelectric fluorescent nanofibers that has a multifunctional behaviour™.This new inorganic-
organic nanofiber greatly improves scope of PVDF nanofiber as a multifunction piezoelectric/fluorescent
nanocomposite mat that can be helpful in the applications of solid-state lighting and vibration sensing.

Experimental work

Materials

The materials included in this study consist of polymer-Poly vinylidene difluoride (PVDF) purchased from
Sigma Aldrich and (Kynar’, King of Prussia, PA, USA) supplied by ARKEMA, Dimethyl Formamide (DMF)
(DMF 98%, Sigma Aldrich, Taufkirchen, Germany as solvent, Cerium (III) chloride hepahydrate (Sigma
Aldrich, St. Louis, MO, USA), distilled water, and ammonium hydroxide. By using a rotary viscometer (DVII+,
Brookfield, USA) at room temperature, the viscosity of the solution is measured and found is to be 810 cps.

Nanocomposite developing and manufacturing

Ceria nanoparticle and polymer solution preparation

Ceria in the present study is prepared by using chemical precipitation technique and the block diagram with
detailed preparation procedure is provided in the supplementary file in Figure S1. It is a straightforward
procedure and the chemical precursors are cost effective. Inaddition, the chemical precipitation technique
promotes the growth of pronounced Ce** ions, while comparing with other preparation techniques®. The
polymeric solution of PVDF is prepared by adding 1 gm of PVDF to 10 mL of Dimethylformamide and the
solution is left on magnetic stirrer at room temperature for continuous stirring for approximately 20 h such that a
clear homogenous solution is obtained. Finally, PVDF solution is mixed with different weight percentage of ceria
NPs based on the requirement and the whole solution is stirred for around 24 h so that a homogeneous solution
is obtained. During the 24-h mixing period, the nanoparticles have adequate time to grow and crystallize,
especially when the process is conducted in an environment like DME Longer mixing times may allow for the
formation of larger and more crystalline CeO, particles. DMF promotes the solubility of the cerium precursor,
which aids in the nucleation and crystallization of CeO, nanoparticles.

The selected weight percent of ceria NPs are in the range from 0.5 to 6%. The concentration of cerium
precursor plays a role in the crystallization process. Higher concentrations of Ce can lead to a higher number of
nucleation sites, potentially resulting in smaller nanoparticles if the mixing time and other parameters are not
optimized. However, if the mixing time is sufficiently long, the increased concentration of Ce could lead to larger
or more crystalline CeO, nanoparticles, as the excess cerium ions have enough time to properly incorporate into
the crystalline structure. Each time the blended solution is loaded onto the syringe for electrospinning process.
Subsequently, each blended solution is loaded onto the syringe for the electrospinning process. The most common
methods for synthesizing CeO, nanoparticles are sol-gel, hydrothermal, and combustion method. The sol gel
method has been frequently used for producing CeO, nanoparticles due to its ability to control particle size and
morphology. In a typical sol-gel approach, cerium nitrate (Ce(N03)3-6HZO) is used as the cerium precursor, and
PVDF can be coated by dissolving both the precursor and PVDF in an organic solvent. A study by Chakraborty
et al.>” demonstrated the synthesis of CeO,-PVDF nanocomposites via sol-gel, where cerium precursors were
dispersed in the polymer matrix, resulting in nanoparticles uniformly distributed on PVDE. The crystalline
quality of CeO, nanoparticles enhance using a hydrothermal process®®. Chemical vapor deposition (CVD) can
also be used to deposit CeO, films on PVDF by reacting cerium-containing gases in a heated chamber preferred
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when highly uniform coatings are required®. However, direct mixing of CeO, nanoparticles with PVDF in a
solvent followed electrospinning is also explored for fabricating nanocomposites with enhanced mechanical or
electrochemical properties. The mechanisms behind these methods include physical interactions such as van
der Waals forces, electrostatic interactions, and enhance chemical bonding between the inorganic and organic
phases!®60,

Electrospinning process

The inorganic polymeric nanocomposite structure in the form of nanofibers can be fabricated using
electrospinning technique and the setup with explanation is shown in supplementary file as Figure S2. The
electrospinning process involves the orientation of C-F dipoles along the electric field, resulting in tighter
packing density of p phase with all Trans conformation. Above 5% concentration, ceria NPs started behaving
negatively even affecting electrospinning, leading to electrospraying-like behaviour that altered the shape of
the nanofibers. Even agglomeration inside the syringe needle is observed above 5 wt% and this prevented fiber
formation. As a result, the process of creating nanofibers by incorporating NPs was halted at the 5 wt% threshold
and thoroughly examined to verify their effectiveness.

Piezoelectric characterization of the PVDF/ceria nanofibers membrane

The piezoelectric voltage generated by the nanofibers mat for different compressive loads/forces at different
applied frequencies is performed using a custom-made setup as shown in supplementary file Figure S4. A
spring motor-based arrangement is used to apply cyclic forces, where the applied compressive loads are exerted
vertically onto the nanofibers patches using a pressing head of 1 cm diameter. The compressive loads were
applied in the range from 0.5 to 3 N in steps of 0.5 N for different frequencies such as 0.5 Hz, 1 Hz, and 1.5 Hz.

Results and discussion

Optical properties of the nanofibers composite

The UV-Vis spectrophotometer (SHIMADZU UV-2600) was employed to measure the optical absorbance of
ceria NPs and the ceria integrated PVDF nanofibers. Optical characterization involved assessing absorbance,
fluorescence intensity, and direct band gap measurements. For absorbance and direct band gap calculation,
we used UV Vis spectrophotometer-based measurements, and another separate experimental setup is used
for fluorescence study and the detailed explanation about experimental setup is shown in the supplementary
file as Figure S3. The addition of optically active inorganic materials onto the PVDF polymer which is an
organic material enhances the stability and processability of the composite with some interesting optical
properties. Polymer based composition can show an efficient tunability in their optical activity by regulating the
concentration of the dopants used. Here we used optically active ceria NPs as inorganic dopants onto the organic
PVDF polymer where ceria NPs are dispersed on to the polymer matrix. A very small fraction of NPs in the
range 1-5% is used for the optical study and even this small fraction resulted in the improvement of the optical
properties of the polymeric composite.

Bandgap calculation of the dopant used with PVDF is measured based on the optical characterisation such
as absorbance where the light electron interaction is studied. The absorption edge of pure PVDF is around
202 nm which is clearly visible from its absorption spectrum, as shown in Fig. 2a. The semi-crystalline nature
of PVDF is clearly represented by this sharp absorption edge. The absorption spectrum of pure PVDF shown a
broad band covering 202 nm to around 270 nm with a central region of 255 nm. Thus, UV absorption window
can be enhanced by the addition of some of the inorganic NPs such a ceria. The absorption spectrum of pure
ceria NPs exhibited a broad band around 300 to 400 nm with peak around 340 nm which is visible in Fig. 2a.
The absorption edges are found to be around 298 nm and 400 nm in the blue and red side, respectively. Thus,
the absorption edge of PVDF/ceria nanocomposite membrane is found to be shifted to the longer wavelength
side covering UV A (315-400 nm), UV B (280-315 nm) and a part of UV C (100-280 nm) region which clearly
represents the use of these composites in the field of efficient UV filters as shown in Fig. 2a. The electrons
are excited from valence band to conduction band using the photon energy and this is the main mechanism
behind UV absorption. Thus, the incorporation of ceria dopant greatly enhanced the UV absorption of PVDF
which clearly improved the scope of the composite in commercial applications. The optical absorption spectrum
of pure ceria using UV-VIS spectrophotometer has shown a broadband around 300 to 400 nm. This broad
absorption band corresponds to the charge transfer transition into the 4f band of Ce** in CeO, from 2p valence
band of O>". In general, for ceria the bandgap is formed between the valence band top portion of oxygen (O)
(2P) states and conduction band bottom part formed by Ce (4f) states.

UV-Vis spectra pure PVDF and CeO, are different in width and position. However, UV-Vis spectrum of
PVDF doped with Ce are overlapped. Therefore the 2nd derivative of PVDF and PVDF doped with 5 wt% of
ceria as presented in Fig. 2 is used to differentiate between UV-Vis spectra and avoid overlapping. UV-Vis
spectrum of the 2nd derivative shows a slightly red shift at 218 nm to 224 nm and another shift from 250 to
265 nm after doping PVDF with 5%Ce, proving the presence of interaction between Ce and the PVDF polymer
chain. Also, Fig. 7 shows a clear hyperchromic effect that was observed in the UV-vis spectrum PVDF with 5%
Ce. This indicates that the absorption property of PVDF changed by surface modification and crystallization.
According to Fig. 2a, the absorbance peak of pure CeO, located at 340 nm but after introducing the Ce-O into
the PVDF matrix the absorbance peak shifted to 265 nm (toward short wavelength -blue shift). Tsunekawa et
al.*® explained this shift by the transition of Ce** to Ce>* ions.

The absorbance dispersion curves of the electrospun PVDF/ceria nanofibers embedded with different ceria
concentrations are studied. The absorbance dispersion curves of the independent ceria NPs are also analyzed
based on the model proposed by Tauc’s relation. The absorbance dispersion curves are used to calculate the
bandgap of the corresponding ceria NPs involved and the equation involved is represented as:
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Fig. 2. (a) UV-VIS based absorption spectrum of Pure PVDF nanofibers, Pure ceria NPs and PVDF/ceria
nanofibers of different ceria concentrations, (b) Direct bandgap of ceria NPs and PVDF/ceria nanocomposite
nanofibers.
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where o represents the absorption coefficient that quantifies the rate of reduction in the intensity of electromagnetic
radiation due to the passage of light through it, A is a constant associated with the material property based on
the dielectric constant and effective mass of the electrons and holes, E represents the absorbed photon energy,
and the allowed direct band gap is denoted as F for the produced nanocomposite>®!-%3, Based on Eq. 1, a plot
of [a (E)] 2 versus F is used to analyze the bandgap of the corresponding nanocomposite. The linear part of the
plot is extrapolated to the x-axis and the intersection position of the extrapolation on the x-axis will be the actual
bandgap of the involved material®'. The power or exponent of (E—E ) in general is denoted as (E—E_)’, where
T’ represents the power factor of transition mode and can take values 1/2, 2, 3/2 and 3. Here r’ = 1/2 represents
allowed direct electronic transition and 2’ represents indirect electronic transition and so on. In the present
case, from Eq. 1 it’s clear that the transition mode is represented by the value of r’=1/2, representing direct
allowed transition and thereby demonstrating allowed direct band gap. The absorbance curve of the pure ceria
NPs and the PVDF/ceria nanofibers at different ceria concentrations are shown in Fig. 2 and the corresponding
absorbance dispersion curve is shown in Fig. 2b. In Fig. 2b, the extrapolation of the linear part is clearly shown,
and the intersection is biased within 3-3.5 eV region, which clearly indicates that the bandgap values are within
the accepted range based on studies®®*”-*%. This value of bandgap indicates the presence of trivalent Ce** ions
which is associated with the number of oxygen vacancies inside the nanocomposite, and it establishes a trap
state 3 eV over the CeO, valence band and it is associated with the Ce®!~Ce* transition. The bandgap value of
ceria NPs is determined to be approximately 3.09 eV. Meanwhile, PVDF/ceria nanofibers with concentrations
ranging from 1 to 5% exhibit bandgap values within the range of 3.1 to 3.31 eV. This substantiates the presence
of Ce" ions, which are accountable for the observed optical activity®!. The blue shift in bandgap value is based
on the reduction of particle size arising from the quantum effects due to the effective or higher localization of
energy bands and finally the bands will be reduced to atomic states®”. For the composite nanofibers, a significant
amount of ceria atoms is present on the external surface, and this results in the generation of oxygen vacancies
and defects, and it greatly influences the bandgap®®.

In addition to the absorbance, a fluorescence emission curve around 520 nm is obtained for pure ceria
NPs under an excitation of visible 430 nm wavelength and the fluorescence emission curve for different
concentrations of the embedded ceria in situ in the electrospun PVDF nanomembrane is also analyzed and
the corresponding plots are shown in the Fig. 3. The fluorescence emission peak in ceria is due to the trivalent
Ce®* ions via its relaxation from 5d-4f states. The fluorescence intensity peak height was found to be increasing
for a concentration from 0.5-2 wt%. The fluorescence emission intensity is found to be the maximum for a
concentration of 2% ceria and a further increase in concentration affected the emission intensity negatively
showing a decrease in the peak height. The fluorescence plot clearly shows that the intensity is minimum for a
concentration of 3 wt% and even an increase in concentration from 3-5 wt% resulted in a minor increase in the
intensity, but still less than 2% concentration. The process of static fluorescence quenching, which results in the
production of a nonfluorescent complex that lowers the emission intensity, can be used to explain the reduction
in emission intensity for larger concentrations. The visible luminescence of the nanosized ceria particles in their
pure state and along with PVDF as a dopant is generated from the oxygen vacancy related states*?.
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Fig. 3. Fluorescence spectra of PVDF/ceria nanofibers samples.

Morphological characterisation of the fabricated PVDF/ceria nanofibers using SEM

The surface characterization of the PVDF/ceria nanocomposite nanofibers is performed using Scanning
Electron Microscope (SEM) (JEOL JSM-6010LV-SEM, Tokyo, Japan). The diameter and surface morphology of
the composite nanofibers is analyzed in detail at an accelerating voltage of 20 kV using a sample size of 1 x 1 cm.
Image] software is used to study the size distribution of the nanofibers imaged by the SEM. In addition, to
measure the diameter of the NPs and confirm the presence of it, a transmission electron microscopy (TEM)
(JEM-1400 PLUS, JEOL, Tokyo, Japan) was used. EDS mapping was performed using a (JEOL JSM-6010LV-
SEM, Tokyo, Japan) SEM equipped with an EDS detector. The accelerating voltage was set to 20 kV, and the
working distance was maintained at 100 um. Elemental maps were obtained for carbon, fluorine, oxygen, and
cerium to assess the distribution of ceria nanoparticles within the PVDF matrix.

Electrospun PVDF with ceria 5 wt% nanofibers membrane was studied under SEM. Figure 4a represents
the corresponding SEM images of ceria embedded PVDF electrospun nanofibers in 1 um scale. The images
clearly depict the random distribution of nanofibers with ceria NPs sailing or floating across the network of
nanofibers. The diameter of the randomly distributed nanofibers is measured using the Image]J software and the
corresponding fiber diameter distribution is shown in Fig. 4b. The average diameter of the generated nanofibers
is measured to be around 108.002 nm. In the 5% PVDF/ceria nanocomposite, uniform distribution of ceria NPs
is an essential component to be considered. The accumulation of NPs reduces the crystallinity and that results
in crystal defects. However, uniform dispersion can largely enhance the overall crystallinity®>®”. Transmission
Electron Microscope (TEM) based imaging is used to visualise the ceria NPs as shown in Fig. 4c and d.

The Energy Dispersive Spectroscopy mapping of PVDF/ceria 5% nanofibers shows the elemental composition
and distribution of the electrospun PVDF/ceria 5% nanofibers. EDS mapping can provide spatially resolved
chemical information, which is very important in realizing the uniformity of dispersion of ceria nanoparticles
within nanofibers. As shown in Fig. 5, corresponding EDS elemental maps of PVDF/ceria nanofibers. The EDS
maps represent local distributions of fluorine (red), carbon (brown), oxygen (blue), and cerium (turquoise),
within the matrix of nanofibers.

The EDS maps have also shown that cerium is fairly dispersed in nanofibers, indicative of the fact that
ceria nanoparticles disperse well inside the matrix of PVDE. Such uniformity in dispersion is important for
maintaining consistent piezoelectric and mechanical properties throughout the material. Oxygen and fluorine
mapping further confirmed the nature of the composition of the PVDF/ceria nanocomposite. The quantitative
EDS disclosed that the ceria content in the nanofibers was about 5 wt%, which was expected according to the
targeted loading during synthesis. Carbon and fluorine contents were also quantified in accordance with the
expected composition of the PVDF matrix.

Crystallinity and phase identification for PVDF/ceria nanomembrane

The molecular fingerprint and the 3 phase content of the fabricated nanofibers is studied using FTIR
spectrometer. Fourier transform infrared spectroscopy (FTIR) is an essential analysis tool for identifying the
chemical structure of a material based on atomic vibrations of the molecules involved. The molecular structure
mainly represents chemical bond and functional group based on characteristic frequencies. The FTIR spectra of
the PVDF/ceria composition were generated using a Vertex 70 FTIR (Bruker, Billerica, MA, USA) at a scanning
resolution of 5 cm™ around a range of 4000-400 cm™. Each sample is scanned about 120 times while generating
the transmittance spectra. The chemical structure determination of a sample is mainly based on the molecular
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Fig. 4. Microscopic images of the ceria NPs and ceria embedded PVDF electrospun nanofibers: (a) SEM image
of ceria embedded PVDF electrospun nanofibers in 2 pm scale, (b) Nanofibers diameter distribution curve of
PVDF/ceria with ratio 95:5 wt%, respectively, (c) TEM image of ceria NPs in 50 nm scale, and (d) TEM image
of 5% PVDF/Ceria.
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Fig. 5. (a) and (b) represent the EDS mapping of ceria 5% embedded PVDF electrospun nanofibers in 100 pm
scale.
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vibrations. Stretching and bending are the two types of molecular vibrations involved in IR spectroscopy.
Stretching mode changes the bond length resulting in either symmetric or asymmetric mode whereas the
bending mode always changes the bond angle. Whenever the frequency of a specific bond vibration becomes
exactly equal to the frequency of the applied IR radiation, the radiation will be completely absorbed by the
sample content generating a plot of transmittance (or absorbance) versus wavenumber. This FTIR spectroscopy
can be widely used for both quantitative and qualitative analysis of nanoparticles and nanocomposites, especially
polymer nanocomposites. Thus, IR spectroscopy can clearly identify the chemical structure of polymers and the
nanoparticles and corresponding spectra can be generated®®.

The FTIR spectra of pure PVDF and PVDF/ceria composite membranes presented in Fig. 6 clear vibrational
bands indicative of the molecular structure and phase transitions of PVDE particularly in the a and B
phases. Previous studies?®®>7% have reported characteristic vibrational bands between 481 and 488.53 cm™!,
corresponding to CF, bending in the nonpolar a phase, and at 527 cm™ to 532 cm™, which also corresponds to
CF, bending in the o phase®. Additionally, bands at 618 cm™ to 608.9 cm™! and 758 cm™ to 763 cm™! represent
CF, bending and skeletal bending in the a phase, while the bands at 796.8 cm™ and 975.03 cm™" are attributed
to CH, rocking and CH, twisting, respectively, again corresponding to the a phase. Furthermore, bands between
507 and 512.6 cm™! and around 830.5 cm™! to 840.16 cm™! indicate the B polar phase’!, and their appearance is
linked to the ceria-induced enhancement of the B phase in PVDF/ceria composites. These findings support the
crystallization of the B phase in the composite materials.

Despite the extensive FTIR studies, previous works>*’2-78 do not sufficiently explore the correlation between
the phase composition of PVDF/ceria composites and their piezoelectric properties. The vibrational bands at
510 cm™, 840 cm™}, and 1275 cm™!, which characterize the piezoelectric B phase, have been observed but often
without a detailed quantification of f-phase content in composites at various ceria loadings. Additionally, the
relationship between these vibrational modes and the material’s functional properties has not been fully explored
in the context of ceria incorporation. This study aims to fill these gaps by systematically evaluating the FTIR
spectra and applying Beer Lambert’s law to calculate the B-sheet content in PVDF/ceria composites. Notably,
our findings show that the B-sheet content in PVDF/ceria composites is maximized at a 5 wt% ceria loading,
compared to lower ceria concentrations and pure PVDE. This work contributes to a deeper understanding of the
influence of ceria on the crystallization of PVDF and provides a more precise link between Beta phase formation
and material functionality in terms of piezoelectric properties.

The P sheets associated with the compositions can be calculated using the equation derived from Beer
Lambert Law and is given by:

Ap
where Ag represents the absorbance value at 840 cm™, and A, represents the absorbance value at 766 cm™! 780,

Based on the calculations using Beer Lambert’s law, the B sheet contents was found to be the highest for
PVDF/ceria 5 wt% composition. In the case of pure PVDE, the B sheets was found to be maximum, compared

mixed mode of CH, rocking and CF, asymmetric streching of B and y

-CH,

PVDF-4%Ce

PVDF-3%Ce

PVDF-2%Ce

Transmitance (%)

PVDF-1%Ce

pure PVDF
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Fig. 6. FTIR spectra of pure PVDF and different PVDF/ceria compositions.
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to all other compositions from 0.5 to 3 wt%. The B-sheet content percentage calculated for each concentration
is mentioned in Table 1.

This clearly shows the enhancement of B sheets and piezoelectric effect by the addition of ceria NPs, and
it is found that the effect of B sheets become prominent only above certain threshold ratio associated with
percolation threshold and it is discussed in detail in the piezo characterization part®. The addition of ceria NPs
on to the PVDF polymer results in the reduction of crystallinity due to the accumulation of NPs and associated
crystal defects. This may be the reason for reduction of B sheet contents in the PVDF/ceria composites for the
ratio 0.5% to 4%. Above percolation threshold, the NPs get distributed uniformly resulting in an increase in the
overall crystallinity. As a result, the PVDF molecular chains are forced to orient in TT conformation due to the
generation of induced charges at the boundary. This TT conformation emerged from the uniform dispersion of
ceria nanoparticles inside the polymer chains®!.

Another band was observed at 1182.2 cm™!, emerged only for the PVDF/ceria composition and absent in
the pure PVDF sample. This band creation and broadening at 1182.2 cm™! account for the enhancement of
significant percentage of § phase. Due to CF-CH-CF bending vibration, a band is observed at 873.88 cm™,
and it seems to be shifted to higher energy values up to 878.7 cm™. The shift of CF-CH-CF bending vibration
towards higher energy is due to the increased specific interaction between the cerium NPs and PVDF chains®.
A band observed at 1071.4 cm™! corresponds to cerium co-ordinate complex formation and it is not present
in the case of pure PVDF®. Vibrational band observed at 1071.4 cm™ mainly depends on the thickness of
the nanocomposite membrane and almost linear dependence is there and has no direct dependence on the
crystallinity of PVDF®. A tiny shoulder at 1234 cm™ is observed to be prominent in the case of PVDF/ceria
composite which represents the generation of Y phases. Also, the appearance of 833 cm™! and 838 cm™ bands
accounts for the generation of Y’ phases and finally the conversion of Y to p by the addition of more quantity of
ceria NPs. Very small vibrational bands observed in the region from 2974 to 3027 cm™! in the FTIR spectra is
mainly associated with symmetric vs (-CH,) and asymmetric v4s (-CH,) stretching respectively. Furthermore,
the electronegativity of carbon atom (2.5) differs a lot with fluorine atom (4.0) and as a result C-F polarised
bond will be very strong compared to C-H bond. In case of C-H bond, the electronegativity between carbon
and hydrogen (2.1) is very small and this results in the generation of a week C-H bond compared to C-F bond
and this is the reason for the stronger ion dipole interaction between positively charged surfaces of the additives
and CF, dipoles of PVDE Ion dipole interaction mechanism is clear from the FTIR spectra of pure PVDF
and PVDF/ceria composites in our studies. In the case of pure PVDE, FTIR spectra clearly displays the C-F
stretching vibration band at 876 cm™!, but in the case of PVDF/ceria composite membrane, the C-F stretching
vibration band is found to be shifted to 879 cm™" (5% ceria case) which clearly explains the ion dipole interaction
effect. This effect is strong enough to overcome the energy barrier that transforms o (TGTG) conformation to 8
(TTTT) conformation or Y (TTTG) conformation. This acts as the base for polar phase generation in the PVDF
crystallization process via nucleation and growth stages®.

In general, polar phase generation in PVDF from its composites can be explained by the mechanism of
ion—dipole interaction, provided charged substances are contained in the composites. In the case of PVDE, ion
dipole interaction can occur due to the interaction between CH, dipoles in PVDF chains and negatively charged
surfaces or CF, dipoles in PVDF chains can interact with the positively charged surface. Based on different
studies, ion dipole is produced due to the interaction between positively charged surfaces and CF, dipoles of
PVDF®. Specifically, our studies focus on the effect of Ce** ion interaction with the CF, dipoles of PVDF and
this results in the generation of polar phases in PVDF thereby enhancing its piezoelectric property.

X-ray diffractograms of Pure PVDE, and PVDF blended with varying percentages of Ce (1%, 2%, 3%, 4%,
and 5%) were recorded in a Bruker D8 advanced diffractometer using CuKa radiation with a wavelength of
0.15406 nm. Spectra were registered between 10° to 90° (2 h) with a step of 0.1° and a time per step of 3 s.
Indexation of the patterns was accomplished using dedicated software (DIFFRAC.EVA) from Bruker.

The XRD pattern of the pure PVDF film in Fig. 7 shows three strong diffractions at 260=18.7° and 26.6°,
corresponding to the characteristic (020) and (021) diffractions of the a-phase®. Alternatively, the 26=21.2°and
36.8° peaks are mainly ascribed to the characteristic (110) and (020) diffractions, respectively, for the -phase®’.

Notably, a moderate enhancement of the (110) peak of the B-PVDF phase can be observed with the addition
of Ce. Moreover, the intensity at 26 =18.7° decreased, and 20 =26.6° almost disappeared, confirming the change
of a-phase toward more -phase (020) at 36.8°.

Table 2 presents the Bragg angle values of 20 (°), the inter-planar distance d(A), and the crystal size L(A)
according to the three B-phase peaks observed in the diffractograms (Fig. 7), which was calculated by Scherrer
Eq. (2) %.

L (A) =k\/Bcosb (3)
CeriaNPs % | A(a) | A(B) | f(B)
0 1.44 | 255 |58.41
0.5% 0.87 |1.27 |53.7
1% 0.38 | 0.57 | 54.64
3% 0.37 | 0.57 | 55.49
5% 0.55 | 1.11 |61.75

Table 1. Calculated B-phase content percentage of PVDF/ceria nanocomposite nanofibers.
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Fig. 7. XRD results of PVDF with different wt% Ceria.

B-phase (020)

Sample 20 (°) | D(A) | L(A)
PVDF 36.6 1.20 20.34
PVDF-1%Ce | 36.8 1.20 22.07
PVDE-2%Ce | 36.8 1.20 23.54
PVDEF-3%Ce | 36.9 1.20 24.43
PVDEF-4%Ce | 37.0 1.20 26.12

Table 2. The Bragg angle values of 26 (°), the inter-planar distance d(A), and the crystal size L(A) of the PVDF
and PVDF blended with different Ce%

L: Crystallite size (in A) or nanometers), K: Scherrer constant = 0.9, \: X-ray wavelength (A), p: Full width at half
maximum (FWHM) of the diffraction peak and 0: Bragg angle corresponding to the peak in the XRD pattern (°).

The XPS results for PVDF with 5 wt% ceria reveal distinct peaks corresponding to key elements. The C
Is spectrum shows peaks at ~284.5 eV and ~290 eV, indicating the presence of C-C, C-H, and C-F bonds
characteristic of PVDE The F 1s spectrum exhibits a sharp peak around ~ 688 eV, confirming the presence of
fluorine from PVDF®. The O 1s spectrum (bottom left) displays a broad peak around ~ 530-535 eV, suggesting
multiple oxygen states, possibly from surface hydroxyl groups and lattice oxygen in ceria®. The Ce 3d spectrum
exhibits a broad, asymmetric shape without significant splitting. The absence of distinct Ce 3d splitting suggests
strong hybridization between Ce and O, typical of CeO,”. Thus, while XRD and XPS are powerful tools, the
small nanosized CeO, crystal, as confirmed by TEM, made it difficult to detect (Fig. 8).

Microwave digestion was carried out using Milestone’s ETHOS UP system. A small amount of sample
(25.000 mg) of PVDEF-5% Ce was accurately weighed, and 8 mL of concentrated HNO, and 3 mL of concentrated
H,SO, were added. The vessels were heated to 210 °C in 25 min at 1800 W, maintained for 15 min before cooling
down. The solution was then transferred to a 50 mL flask and diluted with 1% HNO, prepared in MQ water.
The solutions were filtered through a 0.45 um nylon filter. The concentration of Ce ions was determined using
Agilent 5100 ICP-OES. Five replicates of the sample were analyzed. The coefficient of variation of the method
is 1%. Inorganic Ventures VAR-CAL 1 standard (was used to prepare mixed-metal calibration standards in the
range of 1-1000 pg L~! in MQ water (>18 MQcm) were analysed. The Ce ions concentration was 1.70 mg/g,
and the Standard deviation (SD) was 0.03 mg/g. The actual Ce content in the sample might be higher than
measured due to incomplete dissolution of the sample. The post-digestion solution analysis showed a significant
presence of cerium, indicating that the digestion process successfully extracted Ce from the dissolved portion,
but some Ce may have remained in undissolved residues, leading to an underestimation in the ICP results and
there is no possibility for mineralization. There, Ce in PVDF-5%Ce, as shown in Fig. 9 was examined using an
Energy-Dispersive X-rayfluorescence spectrometer (XRF, ARL QUANT’X, Thermos Scientific, Waltham, MA,
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Fig. 8. XPS results of PVDF with 5 wt% Ceria.

USA), with a Rhode-anode as a source of X-rays and a detecting system of Si(Li) crystal with Peltier cooling. The
surface of PVDF-5%Ce sample contains a significant amount of CeO,.

The effect of ceria doping over PVDF surface is investigated by Raman spectroscopy. a handheld Raman
spectrometer (a Renishaw Raman microscope 2000 system) equipped with a 785 nm laser was used to obtain
the Raman spectra of pure PVDF and PVDF doped with 5%Ce. both spectral measurements used the following
experimental parameters: an excitation wavelength of 785 nm, an acquisition time of 60 s, a laser power of 5
mW, a spectral resolution of 4 cm™, and a spectral range of 250-3200 cm™. Each spectrum was the average of
five scans obtained from the different spots of the PVDF surface for the 2 samples. Savitzky—Golay smoothing
filter is used to minimize fluorescence noise. The area under the alpha and beta peak in Raman was calculated by
Gaussian Function. The Raman spectra of PVDF and ceria/PVDF are shown in Fig. 10. The Raman fingerprints
appeared at 794 cm™! and 839 cm™! are due to PVDF matrix. The a-phase PVDF shows a sharp peak at 794 cm™,
which is due to the rocking of the CH, bond, whereas the band at 839 cm™ is attributed to the -phase®®2. The
band around 1431 cm™ is caused by bending CH, vibrations, present in both crystalline phases of PVDF but
mainly in the $- phase®®. The band at 2974 cm™ is usually attributed to CH, symmetric stretching commonly
associated with the B-phase®’. The transition to the B-phase can be monitored by comparing the relative
intensities of the bands at ca. 794 cm™! and 839 cm™! after adding 5 wt% ceria to PVDE. The intensity of the peak
at 839 cm™! sharply increases, revealing the B-phase’s appearance. Conversely, the characteristic band a decreases
in intensity in favor of the  band. This observation is directly related to the conformational transformation of
the macromolecular chain generated by the addition of 5% Ce.
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Fig. 9. XRF spectra of pure PVDF and PVDF with 5 wt% ceria NPs.
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Fig. 10. Raman spectra of pure PVDF and PVDF with 5 wt% ceria NPs.

The exact quantity of transformation is presented in both Fig. 11 for both pure PVDF and PVDF doped
with 5 wt% ceria, respectively, by using Gaussian fitting. The primary goal of Raman peak by Gaussian fitting
is to determine quantitatively crystalline phases depending on the peak parameters such as peak position,
intensity, area, and width. The fractions of the crystalline phases are measured from the integration method of
the representative peaks of the different phases (794 and 839 cm™). The estimation of the fraction of a-phase in
the total crystalline phase is calculated according to Equation.

Z AﬂGaussian

F =
(ﬁ) Z AaGaussian + Z AﬂGaussian

(4)

where A ;. can @0 66 are areas calculated after integration of corresponding Gaussian peaks. Pure
PVDF contained 70.07% a- phase and 29.93% B-phase. However, the a-phase decreased to 50.78%, and the -

phase increased to 49.22% after adding up to 5 wt% of ceria. Raman spectroscopy was also used to investigate
the presence of Ce** species. Raman spectrum of the PVDF doped with 5% Ce confirms the appearance of
new bands at 369 and 514 cm™!, which corresponds to CeOz(Ce3*) of Ce-0 lattice®>%. Moreover, the band at
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Fig. 11. Gaussian fitting of Alpha and Beta peaks in pure PVDF (a) and in PVDF with 5 wt% ceria (b).
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Fig. 12. The contact angle of the water drop over pure PVDF and PVDF with 5 wt% ceria.

999, 1074, 1565 and 1770 cm™ are attributed to the CeO,(Ce*")*. The redox cycling between Ce**and Ce** is
basically governed by creating a surface oxygen vacancy in CeO, due to the reduction of Ce** to Ce** and
incorporation of negatively charged oxygen species in CeO, by oxidation of Ce**to Ce*. However, such
oxidation of Ce**to Ce*" is the reason of the presence of Ce42+ . the presence of a significant fraction of Ce**
on surface promotes a more active interaction of ceria with PVDF with the new (-phase formation, which
agrees with the IR spectroscopy data. As a further matter, the presence of Ce** enhances the band intensity
of CH, at 1431 cm™ and 2974 cm™, which is attributed to the new p-phase formation and the increase in the
hydrophobicity of the sample®”.

The wettability properties of the pure PVDF and PVDF doped with 5% Ce are studied by contact angle
measurements at room temperature and under air atmosphere. Using the drop shape analysis-profile device
with a tiltable plane (DSA-P, Kriiss, Germany), advancing the average of 6 contact angles of water contact angles.
Initially, a 15M L drop of ultrapure water is applied to the surface of PVDF and PVDF doped with 5% Ce sample
using a variable-volume syringe. After that, the sample that was supporting the drop was tilted at a steady rate
(1°/s), and photos of the drop is concurrently captured.The bouncing level of the water drop on the surface of
pure PVDE and PVDF doped with 5% Ce was considered as a measure of the hydrophobicity level. As shown in
Fig. 12, the contact angle is 90 +2° for pure PVDE but it climbed to a high of 127 +2° upon addition of 5% Ce.
Similar results were obtained by Salah et al.”, who observed the super hydrophobicity behavior of PVDF after
introducing CeO, nanoparticles. Introducing Ce into PVDF leads to a change in the chemical conformation and
crystallization which causes a change of surface energy and consequently induces a change of surface wettability.
After doping PVDF with 5%Ce, many nano-sized asperities of Ce were generated on the surface, which increased
the layer roughness. According to the Cassie-Baxter hypothesis®!, the air trapped by the nanosized asperities can
change a solid-liquid contact surface into water droplets. The other explanation of the CeO, hydrophobicity is
based on its electronic structure. Valence electron orbitals of CeO, are protected by the electron octet 2s?2p® of
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crystalline oxygen, which makes the water drop hard to build chemical bonds with the surface. Therefore, it is
clearly confirmed that nanostructures CeQ, are incorporated in the PVDF polymer.

Piezoelectric properties of the PVDF/ceria nanofibers membrane

The piezoelectric performance of the fabricated nanofiber mats towards different mechanical disturbances in the
form of compressive loads/forces are analysed. The peak-to-peak output voltage generated from the nanofibers
mat is measured using a high impedance Oscilloscope (Tektronix MDO3014). Prior to testing the samples
under various mechanical excitations, they were positioned between two aluminium foil sheets serving as metal
electrodes. The potential output generated from the electrodes was captured through stainless steel wires. The
output from these wires was directed to the oscilloscope, allowing for the visualization of the generated peak-
to-peak voltage.

Voltage based characterization

When a strain or force is applied onto the flexible PVDF/ceria nanofibers mat, the crystal structure of nanofibers
is highly deformed resulting in an effective piezoresponse development, and this potential is detected through
the electrode ends of the piezomat. The piezoelectric potential corresponding to the mechanical impacts are
pulsed voltages and the ac sinusoidal voltage produced by different PVDF/ceria concentrations at a specific force
of 3 N is shown in Fig. 13.

For force voltage analysis, a force of 0.5 N to 3.5 N is applied onto the PVDF/ceria nanofibers membrane and
the corresponding output voltage is recorded. For each concentration the output voltage is found to be increasing
linearly. By analysing the voltage versus force graph for PVDF/ceria nanofibers for different concentration from
0 to 5%, its clearly visible that the piezoresponse is enhanced for 3% and 5% concentration. In the case of 0.5%
and 1% ceria, the piezoresponse is not found to be improved and it is found to be weaker than pure PVDE.

The relation between voltage and applied forces for different ceria concentrations are shown in Fig. 14a.
This is because the addition of NPs up to a certain level below the percolation threshold can decrease the
crystallinity and can limit the enhancement of piezoresponse. Thus, based on the impact of compressed loads,
its clearly proved that the piezoresponse can be improved by the addition of ceria NPs and the electroactive
phase generation is found to be optimum for 3 to 5 wt% concentration. Below this concentration, even the polar
phase generation is inhibited resulting in a weak piezoactivity, which was verified from FTIR spectra also. For
5% concentration of ceria, even the ion-dipole interaction effect is clearly pronounced, thereby showing a shift
in the C-F stretching vibration band. Here, there is interfacial interaction between PVDF dipoles and NPs. The
surface of ceria NPs usually contains positive charge verified from Zeta potential®®. This positive charge can
contribute to the electroactive phase formation in PVDF by ion dipole interaction process. The positive charge
cloud or the positive ion responsible for ion dipole interaction in the present study is Ce>* ion of ceria. Thus,
polar phase generation in PVDF from its composites containing charged substances can be achieved by utilising
the mechanism of ion dipole interaction. Here the TGTG(a) conformation is easily changed to TTTT(B) or
TTTG(Y) conformation by overcoming the energy barrier during PVDF crystallisation'®. The electrostatic
interaction between the fluoride of PVDF and the positive charge cloud of the dopant (ceria) is shown in
Fig. 14b, which has an efficient surface activity that results in an effective piezoresponse enhancement in the
nanofibers composite membrane!?!. The electrostatic interaction is mainly related to hydrogen bonding and
bipolar interactions between the PVDF and the cerium dopant’s opposing poles. Notably, the piezosensitivity
of the composite nanofibers has improved significantly without requiring any electric poling. A comprehensive
investigation has explored the role of electrostatic interaction and hydrogen bonding arising from the protons
on the surface of the cerium complex and the induced negative pole within the polymer chain. Therefore,
intermolecular hydrogen bonding between the opposing poles of the matrix also enhances the interaction among
the induced dipoles in the PVDF matrices. Additionally, along with the formation of the P phase, self-poling
induced by hydrogen bonding occurs due to the charged vacancies in our synthesized non-stoichiometric ceria
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Fig. 13. AC sinusoidal voltage developed at 3 N force for different PVDF/ceria concentrations.

Scientific Reports |

(2025) 15:14073 | https://doi.org/10.1038/s41598-025-98048-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

T

0 PVDFICeria0% (a)
7 F|——PVDF/Ceria 0% 1
0 PVDF/Ceria 0.5%
6 F|—— PVDF/Ceria 05% ‘ ]
0 PVDF/Ceria 1% r ;
5F PVDF/Ceria 1% > ]
@ PVDFICeria 3% i y
—— PVDF/Ceria3%
0 PVDFICeria 5%

PVDF/Ceria 5%

Voltage (V)
~
1

f

1 15 2 25 3 35 ® \DF Fluorine atom D ceriananoparticle
Force (N) @ svor Hydrogen atom ‘ PVDF Carbon atom

Fig. 14. (a) The peak-to-peak output voltage generated by the piezomats for different applied forces/
compressed loads, and (b) Schematic representation of the dipole alignment of PVDF according to nucleating
agent of ceria NPs.

10 T T T . . | |
Q0 PVDF/Ceria 0% ;
or PVDF/Ceria 0% T
O  PVDF/Ceria 0.5% e

PVDF/Ceria 0.5% e
PVDF/Ceria 1% — i‘
PVDF/Ceria 1% - = D

$ PVDF/Ceria 3% e q e )|

~
%

S6f )
bl < et
o) PVDF/Ceria 3% [0} g "
D 5| © PVDF/Ceria 5% —— |
= PVDF/Ceria 5% ] o
O 4} - |
> ¢

e TR —eee———=ahe ]

0.8 1 1.2 1.4 1.6
Frequency (Hz)

Fig. 15. The peak-to-peak output voltage generated by the piezomats for an applied force of 3N for different
mechanical frequencies.

(CeO2-x), which further strengthens the PVDF dipole moments aligned. Thus, in general, PVDF ceria complex-
based nanofibers can be considered as a layer by layer pattern of non-centrosymmetric ceria encapsulated in
beta phase generated PVDF matrixes. The application of an external uniaxial pressure on to the PVDF ceria
composite nanofibers results in an overall deformation leading to an induced electrical potential difference
between top and bottom surface of the nanofibers and finally an enhanced piezoresponse is observed *.

The frequency response analysis is also done for each concentration, and it is found that the piezo response has
increased with a frequency from 0.2 to 1 Hz finally showing a saturation behaviour at 1.5 Hz. A compressed load
of 3 N is applied on to the sample nanofibers mat and the mechanical frequencies are varied. Ceria concentration
of 0.5-1 wt% has shown a relatively weak piezo behaviour, compared to pure PVDF even for all the frequency
values. The impulse response increases linearly while the frequency response increases with saturation behaviour
at 1.5 Hz. The relation between voltage and applied frequencies for different ceria concentrations are shown in
Fig. 15.

This clearly indicates that the piezo enhancement effects based on additive are always based on the optimum
concentration and not for all concentration. For higher concentration such as 6%, the presence of NPs affected
the nanofibers morphology and as a result bead formation was initiated. So, the piezo characterization of the
nanocomposite sample was done for the optimized concentrations from 0 to 5% only. These nanofibers based
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on PVDF with ceria has shown an exceptional piezo characteristic and thus can be effectively utilized for energy
harvesting and sensor/actuator applications.

Power density and current density characterization

Piezoelectric potential developed across different load resistances are analysed. Here different load resistances in
the range of 1.2-3.9 MQ are applied across the positive and negative electrodes of the nanofibers mat and finally
the electrodes are connected to the oscilloscope probe for visualizing the generated voltage. The power output
corresponding to each load is measured by taking the ratio of the square of piezo voltage to the resistance (V*/R).
The area of impact is calculated and the ratio of power output to the area of the impact represents the power
density. A circular head with an effective radius of 1.4 cm is used for the mechanical excitation. Finally, power
density is plotted (Fig. 16) against the resistance loads to show the piezo efficiency of these nano mats. Then the

current density is calculated by using the following equation!%*

P

Ip=v3

(5)

where Ip is the current density of piezomats, P is the power, V is the output voltage while changing the resistance,
and A is the area of our nanofibers.

Detailed analysis based on different ceria concentrations from 0.5 to 5% showed the effective behaviour of
3 to 5 wt% ceria concentrations. 0.5% to 2% ceria NPs concentration comparatively showed a weak response
towards piezoeffeciency. Power density plots of the piezomats exhibited a Lorentzian behaviour where
maximum value is obtained for the resistance load 2.2 MQ and 2.7 MQ. The power density values are found to
be decreasing gradually for the load resistances 3.3 and 3.7 MQ and the corresponding plot is shown in Fig. 16.
A maximum power density of 89 mW/m? is obtained for the optimum concentration of PVDF/ceria nanofibers
mat. In addition, for 5% ceria, the current density gradually declined with increasing resistance, decreasing from
approximately 9 mA/m? at 1.2 MQ to 3 mA/m? at 3.7 MQ.

P-E curve characterization (Sawyer Tower circuit)

To verify the piezoelectric characteristics of any material, determine the polarization-electric field hysteresis
loop, which is regarded as one of the most important indications of the material’s ferroelectric properties, such
as the dielectric constant and electromechanical coupling coefficient!®*. The Sawyer-Tower circuit is one of the
most powerful tools for determining the loop'®. As demonstrated in supplementary file Figure S5. This circuit
contains two capacitors: one for the sample capacitance and one for a reference capacitor with a higher value.
And an applied voltage of up to 2.5 kV at a frequency of 1.4 kHz, accomplished by amplifying the voltage from
a signal generator with a step-up transformer. The collected data is then processed to determine the applied
electric field (E) by using Eq. (6).

Vin
E= (6)
d
where Vi, is the applied voltage, and d is the sample thickness.
Now, the electric polarization P is calculated according to Eq. (7), as follows.
o 2 — . . : T 12
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Fig. 16. Shows the relationship between (a) power density and load resistances for the piezomats, and (b)
Current density and load resistances for the piezomats.
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P:Z (7)

where A is surface area, and Q is the charge on the sample capacitor. As a result, the P-E curve is obtained by
using a high impedance oscilloscope (Tektronix MDO3014).

Ferroelectric properties of the sample were determined using a hysteresis loop between P and E as shown in
the below mentioned Fig. 17. From the measurements, the sample had a coercive field (E.) of about 45 kV/mm,
indicating the electric field that must be applied to switch the polarization. Here, the remnant polarization (P;)
was read at about 0.15 uC/cm?, which refers to the remaining polarization after the electric field has been swept
away, while the maximum polarization attained about 0.3 uC/cm? under the sweep of an applied electric field.
Such values indicate that the material is strongly ferroelectric and hence well-suited for numerous applications.
The remnant polarization is large, while the coercive field is moderate. Our sample performs competitively,
which is attributed to the optimized synthesis process and uniform dispersion of nanoparticles in the polymer
matrix. The results underline its potential in advanced ferroelectric and piezoelectric applications.

The presence of nanoparticles within a structured polymer reduces unwanted particle aggregation and
increases robust interactions between the host matrix and NPs involved. Here, PVDF acts as a capping agent
and ceria NPs acts a nucleating agent for the PVDF electroactive phase!®. In summary, the surface energy of
the prepared ceria NPs is high and as a result they are thermodynamically unstable. When these NPs are added
onto the PVDF matrix, the surface energy stabilization occurs due to adsorption of capping ligand PVDF on
the surface and thus electrostatic interaction stabilises the nanoparticles. This affects the crystallisation of PVDF
reducing the molecular mobility inside the polymer layer close to the surface of the nanoparticle, and by the
polymer chain orientation using the additive and obviously by the increased nucleation rate!%.

Electrospun PVDF nanofibers with certain additives/nanofillers greatly improved the piezosensitivity
and electroactivity of the prototypes and the effect of some of them that has been published before is briefly
summarized in Table 3 and compared with the present work. The electrospinning parameters used to generate
those prototypes are also mentioned in the table and compared with the current study. Brief analysis based
on different nanofillers clearly shown the effective presence of those additives in enhancing the piezoelectric
behavior of pure PVDF electrospun nanofibers. Among the additives, ceria an optically active additive not only
improved the piezoactivity but also exhibited enhanced optical activity.

Conclusion

In this study, we've engineered a new composite membrane comprising inorganic-organic nanofibers, integrating
varying concentrations of the inorganic ceria additive into the organic polymer PVDE. Optical characterization
via absorbance analysis revealed a blue shift in the ceria NPs’ band gap, concurrently enhancing UV absorption
in the PVDF polymer. Luminescence analysis showcased an incremental fluorescence effect at certain additive
concentrations. However, beyond a specific threshold, further increments led to reduced fluorescence due to
apparent quenching effects. FTIR analysis of the composite nanofibre membrane showed an increase in  sheet
content with (PVDEF- 5% ceria) with an average nanofibre diameter of 70.43 nm. Likewise, Raman and XRD
results indicate a boost in B sheet content with the same concentration of ceria NPs. Additionally, the ICP and
XRF data confirm a significant concentration of Ce incorporated with PVDF chain, supporting the effectiveness
of the preparation methods used for depositing Ce in the PVDF fibre.

Piezoelectric characterization, based on applied loads, demonstrated a twofold enhancement in efficiency at
the 5% ceria concentration, resulting in a threefold increase in voltage generation under cyclic force at 1.5 Hz.
The resultant PVDF/ceria nanomembrane exhibited a remarkable maximum power density of 89 mW/m?,
evidencing its effectiveness in handling loads. This multifunctional nanocomposite, an outcome of PVDF/ceria
complex electrospun fabrication, not only boasts optical fluorescence enhancements but also demonstrates
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Fig. 17. Shows the P-E Hysteresis loops for 5% PVDEF/Ceria.
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Piezoelectric output parameter-V, _/
Additives/fillers Electrospinning parameters used | Mechanical excitation d,./piezosensitivity Reference
HV—20 kV 4271
PVDF with 1 wt% Ag nanoparticles | Feed rate—0.05 mL/hr d,,, FTIR characterization Bota phase content—949% 2
Feed to collector distance—20 cm phas °
PVDE-HFP with 2 wt% Co-ZnO ?Vd_li le L/h Constant tapping force 2.5 V28V 30
nanofillers FZZ d {(a) g(;lecrtr(l)r dirstancefl 5cm N at 50 Hz Beta phase content—>54.6%
V25 |y 123 N compressed force at8 | gensitivity at 8 Hz-700 mV/N
PVDF : TPU blending ratio 85 : 9 b el d.q“ 4 and at 16 Hz-300 mV/N 7
15 wt% Feed rate—1 mL/hr Impulse loading (5 cm V. —36t03.7V
Feed to collector distance—10 cm | height) max T . .
at 85:15 PVDE.TPU ratio
(20-150 g)
HV—15kV 183V
PVDF with Au nanocage- 0.01 wt% | Feed rate—1 mL/hr 2—5 Hz compressed force ' max 107
g ’ Feed to collector distance—15 cm P Beta phase from 83.5% to 93.2%
HV—18 kv Impulse loadin
PVDE-MWCNT-Cu Feed rate—1 mL/hr @ o he ht) B Vw67V %
Feed to collector distance—15 cm g g
. HV—12kV
0y ~
i;lnl?)l:;:ggiwm (Fe;0,-GO) Feed rate—0.25 mL/hr Applied force Sensitivity—1.75 mV/N 108
P Feed to collector distance—15 cm
HV—25kV
PVDF with 5 wt% ceria Feed rate—1 mL/hr ?on&pﬂfessed force of 3N at Xmaxig v . W/m? Pre;ent
Feed to collector distance—15 cm -5 Hz frequency ower density—89 mW/m study

Table 3. A list of published articles on electrospun PVDF with additives based composite nanofibers.

improved piezoelectric responses upon ceria NPs integration. This versatile nanocomposite holds a promise
attraction for applications in multifunctional devices, serving as both an optical sensor and an energy harvesting
unit. The work’s future focus is on applying this prototype to acoustic detection and energy harvesting devices,
as well as biomechanical energy harvesting units and optical sensors.
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