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Abstract

With concerns in energy crisis and global warming, researchers are actively
investigating alternative energy renewable solutions. Among the various me-
thods, piezoelectric transduction stands out due to its impressive electrome-
chanical coupling factor and coefficient. As a result, piezoelectric energy har-
vesting has garnered significant attention from the scientific community. In
this study, we explored methods to enhance the piezoelectric properties of
polyvinylidene fluoride (PVDEF) through two distinct approaches. The first
approach involved applying external high voltages at various stages during
the mixture reaction. The goal was to determine whether this voltage applica-
tion could alter or enhance PVDF’s piezoelectric conformation by improving
the alignment of polarized dipoles. In the second part of our study, we inves-
tigated the effects of incorporating various nanostructures (including Iron
Oxide, Magnesium Oxide, and Zinc Oxide) into PVDEF. To analyze changes
in PVDF’s crystalline structure, we utilized Fourier Transform Infrared Spec-
troscopy (FTIR) and X-ray Diffraction (XRD) techniques. Additionally, we
measured the electric polarization of samples using a Precision LC Meter and
examined the morphology of nanofibers through Scanning Electron Micro-
scopy (SEM).

Keywords

Poly (Vinylidene Fluoride) (PVDF), Energy Harvesting, Electrospinning,
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1. Introduction

Traditional energy sources, such as fossil fuels, are finite and harm the environ-
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ment. Energy harvesting offers a solution by harnessing abundant, renewable
resources. By reducing our dependence on non-renewable fuels, we actively
combat climate change and promote sustainability. Energy scavenging, also
known as ambient power or harvesting, involves capturing small amounts of
ambient energy (such as light, heat, or vibration) and converting it into elec-
tricity. This technology has promising applications in remote or inaccessible
areas where traditional energy sources are impractical. This innovation drives
progress across various fields, from smart cities to healthcare, for instance, it
could power biosensors within the human body [1]. The ability to harness
energy from the environment opens new possibilities for sustainable and
self-sufficient devices. The amount of energy and performance of these harvest-
ing devices depends strongly on specific properties of materials such as piezoe-
lectricity [2].

Polyvinylidene fluoride (PVDF) is a high-purity and non-reactive thermoplas-
tic fluoropolymer, that has great chemical resistance, piezoelectric properties,
high mechanical strength and good processability. PVDF has four main crystal-
line phases known as a, S, y, 0 [3]. The most stable and frequent is the a-phase,
which crystallizes in an orthorhombic cell, where two chains are packed oppo-
sitely, canceling the individual dipole moments. Many of the properties of
PVDF, those associated with its use as a sensor or actuator, are linked to the
electrical dipole moment of the PVDF monomer unit about (5-8 x 10 c¢m)
which is due to the electronegativity of fluorine atoms as compared to those of
hydrogen and carbon atoms [4]. The fand yare considered the most electrically
active phases directly related to piezoelectricity of the polymer, but the S-phase
has the highest spontaneous polarization in all these four phases, because of the
dipole arrangement. The y conformation is also considered an electrically active
phase, but not as much as the g phase. By analyzing the y phase, two opposite
chains conform to a monoclinic crystal lattice, where only a fraction of dipole
moments are cancelled. The y phase can be obtained by melting or crystallizing
the polymer at temperatures near the melt temperature of the a-phase or over
165°C [5]. The d phase is formed when the a phase is electrically poled, and one
of the chains aligns parallel to the other, resulting in a weak net dipole moment.
The crystal lattice parameters are identical to the a phase [6]. One of our re-
search goals is to create a material capable of powering body biosensors or IoT,
enhancing the beta phase conformation of PVDF is crucial. By optimizing this
phase, we cover the way for efficient energy conversion and sustainable applica-
tions.

One of the research ideas for energy harvesting involves adding nanoparticles
to PVDF, aiming to boost the energy production of the polymer or enhance its
piezoelectricity or expand it toward ferroelectricity. The incorporation of ZnO
nanoparticles into PVDF can significantly impact the content of the S phase [7].
This influence arises from the promotion of crystallization, alignment of poly-

mer chains, and nucleation of the B phase. These effects play a crucial role in
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customizing PVDF-ZnO composites to achieve specific piezoelectric properties
tailored for various applications. Researchers frequently investigate and optimize
the ZnO loading to strike the right balance between enhanced piezoelectric per-
formance and practical material processing considerations. These nanoparticles
(NPs) have outstanding results in increasing the ability to harvest mechanical
energy from body movement [8]. When this component is incorporated with
other polymers such as PVDF into the electrospinning technique, the crystalline
beta phase improves resulting in the piezoelectric properties of the “nanofiber
mats” [8]. Increasing the amount of ZnO nanoparticles is directly proportional
to the enhancement in the beta phase of PVDF [2]. Magnesium oxide (MgO) is
another chemical that has outstanding properties to harvest mechanical energy.
This chemical is odorless, non-toxic and has a high hardness, purity, and melt-
ing point. The MgO in PVDF matrix has a low frequency in electronic applica-
tions [9]. When MgO is in a PVDF matrix, it shows a dielectric increment in the
L phase. Iron oxide (Fe;O,) nanoparticles have improved ferroelectric properties

that make this happen [10].

2. Materials

The PVDF utilized in our study was Sigma - Aldrich (182702) white powder.
The solvents also manufactured by Sigma-Aldrich Acetone and DMF used was
Chromasol® 99.9%. The syringes for the polymeric solutions are a 1/2 cc Becton
Dickinson with needle length of 13 mm and a diameter of 0.40 mm. For the
Electrospinning procedure, a metal support was used to maintain the syringes. A
heating mantle was placed under the syringe to maintain the desired tempera-
ture for the polymeric solutions. The power supply for electrospinning is a
BT-GP-AC-30P30 Benchtop Universal AC input, 30 KV, 30 W. The Scanning
Electron Microscope, JEOL JSM-6010LA. The X-Ray Diffraction is Rigaku Xtal-
Lab Supernova single crystal X-ray Diffraction system and Radiant RT66C Fer-
roelectric Test System. For capacitor synthesis, we used an in-house designed
customized multilayer contact with a thickness of 1 mm with different areas. The
MgO nanoparticles are from Nanostructured & Amorphous Materials, 99% pure
with an average particle size 20 nm and ellipsoidal & spherical shapes. The ZnO
and Fe;O4 nanoparticles are from US Research Nanomaterials, 99% pure with

average particle size of 35 - 45 nm and 98% pure and 20-30 nm respectively.

3. Experimental

Morell and his group conducted a study on the evolution of polycrystalline di-
amond using ellipsometry [11]. By analyzing the evolution of the obtained pat-
terns, they could determine the optimal stage for synthesizing the diamond. Al-
though we currently lack an ellipsometer, this led us to consider applying high
voltages at different stages of our solution’s reaction. We posed the following re-
search question: Can we enhance the piezoelectric response by applying high

voltages at different stages of the reaction? If such an improvement occurs,
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which of these voltages would be optimal for promoting the beta phase? This
inquiry served as a preamble to the initial part of our study.

Process 1: The solutions were prepared by diluting polyvinylidene fluoride
(PVDF) diluted in Acetone with different weight percent (wt%) (7, 10, 15 and
20). Two sets of samples were prepared samples, one with applied high voltage
since the beginning of the mixing process and other sets, without the high vol-
tage to the solution as shown in Figure 1. These samples were collocated on a
hot plate and stirred for 4 hours. After the mixing process is completed, we
measure every solution on the FTIR Spectrometer and apply a force of 100N, get
the background and obtain the data of the transmittance from 400 to 1000 cm™.
The a-phase has bands at 614, 764 and 976 cm™ of the spectra [12] [13]. Cha-
racteristic bands of B - phase, responsible for the piezoelectric properties on
PVDF are in the 445, 510 and 840 cm™ [14]. The y - phase can be found at 431,
512, 776, 812 and 833 cm™ peaks [15] [16]. Later, we prepared the polymeric
solution for the electrospinning process. We observed a solidification of the so-
lution at room temperature and to solve the issue, we added a heating mantle
below the syringe to maintain the temperature of the solution over 35°C. We
proceeded to connect the high voltage power supply, the positive onto the sy-
ringe needle negative onto the metallic collector. We used voltage variations
from 500VDC up to 15,000VDC. The obtained nanofibers were characterized
with Scanning Electron Microscope (SEM), we observed the nanofibers shapes,

sizes, diameters, and investigated their homogeneity.

Start Process 1

\
l Solutions PVDF + Acetone

Control Set M "9 Voltage Set

o FTIR Analysis

k' |9 )
Electrospinning with SEM
Hot Mantle

Figure 1. Methodology set up for PVDF + acetone
polymeric solutions.

Gonzalez and his group observed that iron oxide and PVDF nanofibers in-
troduced magnetic hysteresis but did not significantly enhance the piezoelectric

properties of PVDEF [17]. Consequently, we aimed to verify whether certain vari-
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ation to these nanoparticles could indeed improve piezoelectricity. Furthermore,
we aimed to validate existing literature that emphasizes ZnQO’s positive impact
on enhancing PVDF’s piezoelectric behavior. We also explored the incorpora-
tion of MgO nanoparticles into PVDF for enhancing dielectric performance,
breakdown strength, and energy storage capabilities.

Process 2: Initially, acetone was replaced with Dimethylformamide (DMF), a
more effective solvent, to dissolve PVDF in solutions at different weight percen-
tages (wt%), specifically 8%, 10%, 15%, and 20%, to serve as the control group.
Separate batches were prepared by adding different types of nanoparticles—
ZnO, Fe;0,4, and MgO—to the PVDF solution as shown in Figure 2. The ratio of
nanoparticles to PVDF varied across five different proportions: 1:1, 1:5, 1:10,
1:15, and 1:20. These mixtures were then placed on a hot plate with a stirring
mechanism and heated for 2 hours at a constant speed of 300 revolutions per
minute (rpm). This step ensures uniform distribution of nanoparticles and aids
in the formation of a homogeneous solution. The samples were subjected to
various characterization techniques. FTIR was used to identify the chemical
structures, X-Ray Diffraction (XRD) to determine the crystalline structure, and
Liquid Crystal (LC) Analyzer to assess the electrical properties. After characteri-
zation, the solutions were prepared for electrospinning and then to the SEM to

analyze their surface morphology and structure.

Start Process 2
I Solutions PVDF +
DMF+NanoParticles
—
W

Heating and
Stiring

X o gu _B_uif
XRD/FTIR Analysis Capacitor for LC
g Ferroelectric Analyzer

o SN 4
\. ] » ‘;')'
Electrospinning with Hot SEM
Mantle

Figure 2. Methodology set up for PVDF + DMF
polymeric solutions with ZnO, MgO and Fe;O..
4. Results and Analysis

4.1. Process 1: FTIRs of Solutions with PVDF and Acetone with
High Voltage

We will present the 10% weight solutions, but similar results were observed with
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the others wt%. In this parameter, we observed better nanoparticles distribution.
Figure 3(a) compares results of PVDF diluted with acetone at 10 wt% with 1000
V and the ones with no voltage resulting in a change conformation in the g -
phase peaks of 510 and 840 cm™. The bands related to the S-phase are deeper
than the ones with the a-phase. Figure 3(b) shows similar behavior, but also an
increase in the 445 cm™ g - phase peak no present in the 1,000 volts samples.
Possible reasons for this change in crystalline conformation may be attributed to
polarization effects. The application of the electric field improves the alignment
of the polymer chains, thereby positively influencing the beta conformation. Al-
s0, the formation of the S - phase is related mainly to the evaporation rate of the
solvents [14]. Low evaporation rates result predominantly in the g -phase,
thermodynamically more favorable, intermediate rates in a mixture of a and
and high rates in the a - phase, kinetically more favorable [15]. In literature and
by experience, acetone is not an appropriate solvent to promote the formation of
the S-phase, but with the high voltage, the acetone can do enhance the PVDF
piezoelectricity no matter the evaporation rate. The combined effect of solvent
and electric field might induce a phase transition in PVDF, leading to changes in
the characteristic peaks. As we increase the voltage over 15 kilovolts this effect of
changing the conformations to the beta phase is lost despite having more energy
to move the loads (Figure 3(c)). As voltage increases, several factors come into
play. Dielectric breakdown disrupts the ordered arrangement of polymer chains,
affecting the S-phase conformation. Additionally, electrode polarization be-
comes dominant, hindering the desired alignment. Excessive voltage can lead to
material degradation, altering crystalline phases (Xu, 2014). Surface charge ac-
cumulation near electrodes may also impact PVDF behavior. It is possible that
the dipolar moment decreases with the voltage intensity. The best parameters for
optimization of the S-phase conformation of PVDF are between 1000 to 5000
volts right at the beginning of mixing the PVDF with the acetone.

Comparison of B-phase conformation of 10 wt.% of PVDF Diluted in Acetone without

Transmitance (%T)

1000 950 900
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Applied Voltaje and 1,000VDC Applied Voltaje

e 10 Wt.% of PVDF Diluted in Acetone with no Applied Voltaje

e 10 Wt.% of PVDF Diluted in Acetone with 1,000VDC

800 750 700 650 600 550 500 450 400

Wavenumber (cm™)
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Comparison of B-phase conformation of 10 wt.% of PVDF Diluted in Acetone without Applied Voltaje and
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Comparison of B-phase conformation of 10 wt.% of PVDF Diluted in Acetone without
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Figure 3. Comparison of S-phase conformation of 10 wt% of PVDF diluted in acetone without applied voltage and voltage of 1000

V, 5000 V and 15,000 V.

4.2. Process 2: FTIRs of Solutions Containing Nanoparticles

In Figure 4, we show FTIR spectra of the general or average behavior that we
obtained from PVDF solutions containing one of the proposed nanoparticles
(ZnO, MgO and Fe304). The results presented correspond to the 15 wt% case,
where nanofibers exhibit improved uniformity and homogeneity. At the top of
the graph is the zinc oxide solution with a ratio of 1:15, then in the center is iron
oxide with a ratio of 1:5 and finally magnesium oxide (1:10) at the bottom. These
samples were our best S-peaks for these nanoparticles with no voltage. The sam-
ples do not reveal a great change in the conformation of the beta phase, but if we
look closely at the 840 cm™ peak, ZnO nanoparticles slightly affect the confor-
mation as mentioned by other scientists in the literature.
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Figure 4. FITR spectra of solutions PVDF with ZnO (Top), Fe;O4 (Center)
and MgO (Bottom).

4.3. X-Ray Diffraction (XRD)

XRD analysis has been useful to determine the PVDF crystalline phases [18],
[19]. Even with the a (17.66°, 18.30°, 19.9° and 26.56°), 5 (20.26°) and y (18.5°,
19.2° and 20.04") phases presenting similar peaks, some of them are exclusive for
each phase allowing better characterization. We first observed the X-ray diffrac-
tion of the compounds in their pure form, taking first the PVDF and then all the
nanoparticles in the study. Figure 5 shows the alpha conformation wrapping the
PVDF with a bandwidth from 18.30° to 26.56°, also presence of the S-phase at
20.26° and gamma at 20.04°. Thus, it is possible to conclude that the PVDF used
in our experiments has some dipole moment for the intrinsic piezoelectricity,
but most of the conformation is mostly associated to alfa phase. Figure 6 shows
the Fe;O4 nanoparticles analysis, the peaks indexed as planes (220) at 31.5°,
(311) at 36.4°, (400) at 43.5°. These planes are distinctive of a cubic spinel struc-
ture [20], which is expected. The narrow peaks on spectra points to the forma-
tion of some nanocluster structures of Fe;O4 nanoparticles. Figure 7 shows
peaks for MgO nanoparticles at 18.57°, 36.96°, 38.02°, and 42.98°, corresponding
to planes (111), (002), (202), (113), [21] the MgO nanoparticles are polycrystal-
line. Figure 8 shows the ZnO diffraction pattern, and the peaks located at 31.84°,
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Figure 5. XRD of the sigma - Aldrich (182702) PVDF powder.
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Figure 6. Fe;04 nanoparticles from US research nanomaterials.
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Figure 7. MgO nanoparticles from US research nanomaterials.
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Figure 8. ZnO nanoparticles from US research nanomaterials.

34.52°, 36.33° which corresponds to planes (100), (002) and (101) [22]. It is
worth noting that the XRD peaks for the nanoparticles are located far from those
of the PVDF, which makes it easier to detect any change in conformation.

The next step was to analyze thin films of our solutions after they had dried
resulting with a texture very similar to that of Teflon. The XRDs are from the

samples that were made at 15 wt%, because they have resulted in much better
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solutions for electrospinning and the quality of the fibers. Figure 9 shows Fe;O4
and PVDF in 1:5 proportion, if we compare it with the spectrum of pure PVDF
in Figure 5, we can observe that the width of the beta and gamma peaks are
much more pronounced, which is indicative that there was a change in the con-

formation of the sample towards to a better piezoelectricity.
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Figure 9. XRD Fe;O4with PVDF in a proportion 1:5.

Figure 10 shows MgO + PVDF at a 1:10 ratio, this time the peak is much
more intense near 20.26° than the XRD of pure PVDF (Figure 5(a)) and consis-
tent with what was observed from the FTIR in Figure 4.
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Figure 10. XRD MgO with PVDF in proportion 1:10.

Scientists have reported improvement in the piezoelectric properties of PVDF
by adding nanoparticles of ZnO [8], but in the spectrum of ZnO + PVDF at a
1:15 ratio, it can be observed (Figure 11) that there is not much variation in the

beta peaks than the spectrum of pure PVDF.

4.4. Precision LC Ferroelectric Tester

To measure ferroelectricity, we created capacitors by placing the solutions to dry

inside small molds one millimeter thick in contacts created in our laboratory on
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Figure 11. XRD ZnO with PVDF in proportion 1:15.

a printed circuit board. As expected, the pure PVDF of Figure 12(a) has dielec-
tric polarization. PVDF has a dielectric constant of 7.8 which makes it a good
material for capacitors. Magnetite (Fe;O,) is an intriguing material with both
magnetic and electrical properties, but it is not inherently multiferroic. The ad-
dition of Fe;O, nanoparticles to PVDF caused almost linear hysteresis with pola-
rization values degenerating near zero voltage (Figure 12(b)). A change in the
properties of PVDF is evident just when it is in the presence of the Fe;O4 nano-
particles changing the linear pattern that dielectrics exhibit. Although a full fer-
roelectric pattern is not observed, the change in the dielectric constant due to the
addition of Fe;O, suggests that this material’s behavior could be attributed to
several factors, such as the introduction of defects, strain, or changes in the elec-
tronic structure that affect the polarization response of the material [23]. It is al-
so possible that Fe;O4 nanoparticles could interact with the host PVDF lattice in
a manner that mimics towards a ferroelectric behavior. Gonzalez et al. demon-
strated that PVDF containing Fe;O4 nanoparticles exhibited ferromagnetic hys-
teresis properties [17].

Figure 13(a) presents results with the addition of MgO nanoparticles to
PVDF improving the dielectric constant. Tiantian, et a/ has shown that incor-
porating MgO nanofillers into PVDF can significantly improve its dielectric
constant and breakdown strength [24]. This is attributed to the nanoparticles’
ability to suppress space charge accumulation, which in turn reduces dielectric
loss and increases the material’s electrical stability. The addition of MgO nano-
particles enhances PVDF’s dielectric efficiency, improving energy storage and
release. This enhancement is particularly beneficial for applications in energy
storage devices, where high dielectric performance is crucial.

ZnO has a long history as an electronic material, because of its large piezoelec-
tric constant useful for ultrasonic transducers, solar cells, transparent conductors,
and gas sensors [25] [26]. In the literature, no evidence has been found that ZnO
has ferroelectric properties, if it has been found with variations doped with li-

thium [27]. Figure 13(b) illustrates an unexpected polarization pattern in the
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Figure 12. LC Ferroelectric results (a) PVDF sample dissolve on DMF, (b) PVDF + Fe;04
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Figure 13. LC ferroelectric results, (a) MgO with PVDF in proportion 1:10, (b) ZnO with
PVDF in proportion 1:15.

composite of ZnO and PVDE. Despite multiple repetitions of the experiment,
this anomalous behavior persisted, indicating this consistent triangle like polari-
zation. The consistent occurrence of this phenomenon suggests that it may be an
inherent characteristic of the ZnO-PVDF composite, potentially arising from
unique interactions between the ZnO nanoparticles and the PVDF matrix. After
reviewing the literature, we did not find any similar behavior, leading us to con-
clude that this variation results in an unusual yet convenient type of polariza-
tion. This result may hold significance for electronic applications, as it exhibits
an inversely proportional variation with a positive voltage, coupled with second-

order behavior, and conversely, the opposite occurs with negative voltage.

4.5. Scanning Electron Microscope (SEM)

To perform the SEMs, we analyzed the powders in their 99% pure form and
Figure 10 provides insights into the composition of our core materials. Figure
14(a) illustrates the typical appearance of PVDF, while Figure 14(b) reveals the
presence of microparticles in iron oxide. Interestingly, the MgO (14C) and ZnO
(14D) samples exhibit nanoscale features. During electrospinning, solutions of
7 and 8 wt% of PVDF diluted in acetone and DMF respectively resulted in
splattered droplets, which were due to the solution being too liquid, and less
viscose. We noted that the wt% was not ideal for the formation of homogenous
fibers, the electrospinning process should be initiated at a higher wt%. Solutions
at 10 wt% with both solvents were tested, the collection process was easier and
less droplets were produced and presented more of a structure than the 7 and 8
wt%.

The solutions of 15 wt% on acetone or DMF would present better results than
the first two mentioned earlier, the nanofibers collected improved homogeneity

and no droplets, indicating that this concentration is the optimum for synthesis.
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In Figure 15(a), we can see the result of a 15% solution of PVDF diluted in ace-
tone from process 1 with nanofibers from 250 nm to 1000 nm. With the PVDF
and the iron nanoparticles (Figure 15(b)), a polymeric mesh with many fibers
was formed. It is good to mention that the PVDF with iron oxide moves when
being impacted by the electron beam of the SEM, another data that supports the
improvement of the piezoelectricity of PVDF. Samples with MgO and PVDF

SEI 10kV. WD9mm SS19 x1,000  10pm  — SEl 15kV WD9mm SS19 x1,500  10pym

Figure 15. Morphology of the electrospinning of our solutions, (a) 15 wt% of PVDF in
Acetone (Process 1), (b) 15 wt% FesOs NPs + PDVF 1:5 radio, (c) 15 wt% MgONPs +
PVDF 1:10 ration and (d) 15 wt% ZnO NPs + PVDF 1:15 ratio.
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(Figure 15(c)) made it possible to obtain fibers from 500 nm to 1,200 nm. No
movement of these fibers was observed when the electron beam hit them. In the
case of the solutions with ZnO and PVDF (Figure 15(d)) it was difficult to
achieve many fibers with electrospinning. It is possible that the DMF will not
dissolve the ZnO completely and make the process a little more difficult to
achieve. What we were able to observe was the movement of the fibers when we
felt the SEM beam.

5. Conclusion

It is possible to Enhance S-phase Conformation by using High Voltage during
the entire solution reaction time and create better piezoelectric and energy har-
vesting nanofibers. FTIRs of samples showed an enhancement on voltages from
1000 to 5000 volts. Voltages over 10,000 V risk damaging the material as the di-
electric threshold disrupts PVDF’s polymer chain order and S-phase structure.
Electrode polarization then becomes predominant, opposing chain alignment
and p-phase development. This resulting finding is excellent for scalability be-
cause it does not involve high costs to enhance the piezoelectric and energy har-
vesting performance. Traditional polarization and synthetic copolymers are typ-
ically used, but they can be costly due to high polymerization expenses and the
limited crystallinity of copolymers. The crystalline conformation of the PVDF is
a clear combination of the a, fand y phases according to FTIR and XRD results.
The polarization of the thin films in the capacitors revealed dielectric behavior in
PVDF, with an observed enhancement in the dielectric constant upon the addi-
tion of MgO nanoparticles. The incorporation of Fe;O, nanoparticles into PVDF
leads to an almost linear hysteresis in polarization, particularly as values ap-
proach zero voltage. This indicates that Fe;O4 nanoparticles alter PVDF’s typical
dielectric pattern. While not fully ferroelectric, the modified dielectric constant
implies that Fe;O4’s presence affects PVDF’s polarization, potentially due to in-
troduced defects, strain, or electronic structure changes. The addition of ZnO
nanoparticles to PVDF displayed a unique, triangular polarization pattern that
remained consistent across multiple experiments. This suggests an inherent
property of the composite, likely due to specific interactions between ZnO na-
noparticles and the PVDF matrix. Literature review revealed no similar beha-
vior, indicating that this distinctive polarization could be advantageous for elec-
tronic applications, especially as it shows an inversely proportional response to
positive voltage and second-order behavior, with the reverse effect under nega-

tive voltage.
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