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Piezoelectric properties
improvement in soft membrane
with wet-spinning prepared barium
titanate/polyvinylidenefluoride
composites fiber
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Ye Fan*™*

Piezoelectric composite materials have demonstrated significant potential for developing high-
performance wearable sensors. However, optimizing the piezoelectric output performance in
polymer-based devices remains challenging due to the suboptimal synergy between the piezoelectric
reinforcement phase and substrate materials. Moreover, the instability of response signals further
hampers the sensor’s practical utility. In this investigation, wet-spinning technology was applied to
fabricate a novel Barium Titanate (BaTiO,)/Polyvinylidene fluoride (PVDF) composite fiber. Through
this approach, we enhanced the piezoelectric properties of the material. Notably, our electron
diffraction analysis revealed compelling lattice deformations in the ceramic particle-polymer interface,
yielding significant enhancements in the piezoelectric characteristics. Remarkably, incorporating
just 1.5 wt% of BaTiO, in PVDF led to a piezoelectric output of 0.88 V during dynamic cycle tests at

1 Hz. Encouragingly, the output signal exhibited a robust linear correlation (R?= 0.996) with applied
compression force.

Keywords Wet-Spinning, Piezoelectric, Sensitivity, Lattice deformations

Piezoelectric materials play a pivotal role in wearable sensors'. Drawing from the mechanism of pressure
signal propagation, the utilization of polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP)
materials has come to the fore. These materials are integral to the construction of fluorocarbon piezoelectric
pressure sensors (FPS)2, a technology specifically designed to track radial artery pulse waves. Furthermore, the
combination of PVDF and ZnO has proven valuable in gesture-based remote-control applications®. Notably,
composites intertwining carbon nanotubes and polyvinylidene fluoride (CNT/PVDEF) have been ingeniously
designed as shoe sensors. These composite sensors exhibit the remarkable capability of not only performing
assessments but also providing personalized guidance for football training*. Unlike non-polar carbon chains,
PVDF demonstrates ferroelectricity due to its repeated -CH,-CF,- monomer units®. Moreover, the electropositive
hydrogen atoms and electronegative fluorine atoms allow PVDF to form five crystalline phases: a, B, y, §, and ¢°.
Typical wearable piezoelectric sensors also include ceramic/polymer composites. Ceramic materials exhibit high
piezoelectric constants but are limited by their rigidity’. In contrast, polymers generally offer greater flexibility®
but are hindered by low piezoelectric voltage coeflicients. Consequently, the development of flexible ceramic/
polymer composites that combine the advantages of both ceramics and polymers has garnered significant
attention in recent decades®!!, aiming to achieve piezoelectric composites with excellent sensitivity.
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Recent research on PVDF has shown that the preparation of nanofiber mats by electrospinning is an
effective method for producing the f phase in PVDF!2. After electrospinning, PVDF predominantly exhibits a
mix of a and P phases, and further doping with inorganic ceramic materials can enhance its piezoelectric and
ferroelectric properties'>. Common inorganic ceramic dopants include zinc oxide (ZnO)'4, lead zirconate titanate
(PbZry.5:Tio.4503, PZT)'5, and barium titanate (BaTiOs, BT)!®. Among these, BaTiOs, as an environmentally
friendly, lead-free piezoelectric material with a high piezoelectric strain coefficient, has received significant
attention.

Nonetheless, incorporating BaTiO; as a piezoelectric reinforcing phase in nanocomposites presents
challenges due to its weak interfacial bonding and inadequate dispersion. These issues significantly undermine
the electromechanical properties of the nanocomposites, including stress/strain response and piezoelectric
coeflicients. As a result, the potential for enhancing piezoelectric output performance is severely limited!”.
Furthermore, due to the inherent porosity of the material, the device exhibits substantial changes in dipole
moment during compression and release cycles. This tendency to generate imbalanced signal outputs while
monitoring subtle signals undermines the composite fiber’s viability for sensor applications'®. In composite
preparation, the conventional electrospinning process often induces excessive aggregation of filler particles
within the polymer matrix!°. The agglomeration of BaTiOs particles disrupts the piezoelectric dipole dynamics?,
while interface defects trap generated charges, leading to increased leakage current®!. These combined
effects hinder the enhancement of piezoelectric nanocomposite performance. Additionally, in conventional
electrospinning processes that involve metal collectors, charges frequently dissipate through these collectors
during spinning. This reduced retention of effective charges on the fibers adversely affects the high-pressure
bonding at the organic-inorganic material interface??. As a result, the interaction between BaTiO; and PVDF in
the BaTiOs/PVDF (BT/PVDF) composite weakens, reducing the transmission of applied stress from the matrix
to BaTiOs. This ultimately leads to decreased mechanical conversion efficiency and a deterioration in composite
performance. Therefore, numerous studies have emphasized the importance of optimizing the effective
combination of the piezoelectric reinforcement phase with the base material. These studies suggest that such
optimization is crucial for increasing the Bphase content in PVDE, which enhances piezoelectric performance,
and for significantly improving the application potential of composite fibers. For instance, Netzahualpille et
al. introduced a bubble electrospinning setup where the electrode was integrated within the polymer solution
reservoir®. Similarly, Greiner et al. manipulated membrane morphology by electrospinning poly(L-lactide)
(PLLA) atop a liquid reservoir to promote polymer crystallization®*. Kong et al. achieved a thin surface layer
on nanofibers by increasing humidity during their experiment. This layer slowed solvent evaporation, delaying
nanofiber solidification and providing sufficient time for B-phase nucleation and growth?. Zhang et al., on the
other hand, enhanced the interaction between the polymer matrix and BaTiO; nanoparticles by incorporating
graded methacrylate monomers (MMA or TFEMA) onto the surface of BT nanoparticles within the PVDF
matrix?®. Using the non-solvent-induced phase separation (NIPS) effect?’, they exploited the lack of hydrogen-
bond interactions between PVDF interfaces and water?. This allowed low-conductivity water to function as
a collector without disrupting the spinning process. Consequently, they achieved increased accumulation of
electret charges within the composite, enhancing effective polarization at the organic-inorganic interface®. To
date, various studies have reported on PVDF/BaTiO; composites to improve piezoelectric performance using
techniques such as casting, spinning and electrospinning. However, the wet-electrospinning technique for
PVDEF-BT composites has not yet been explored.

This study comprehensively explores the crystallinity of BT/PVDF nanofibers in the context of a water
collector and analyzes the influence of BaTiO; particles on the piezoelectric output characteristics of PVDF
fibers. Flexible BT/PVDF piezoelectric composites were meticulously prepared, ensuring uniform fiber diameters
and filler concentrations ranging from 0.5 to 1.5 wt%. While the literature on piezoelectric composites and
electrospinning is extensive, our study offers a nuanced perspective by demonstrating that, at filler concentrations
of 0.5-1.5 wt%, lattice distortion between BT and PVDF plays a more pivotal role in enhancing piezoelectric
performance than merely increasing the 3-phase content in PVDE This effect is particularly pronounced when
optimal compatibility is achieved through interface lattice distortion between the inorganic filler and the organic
matrix. Moreover, our use of a water collector-assisted electrospinning technique further improved interfacial
compatibility. Upon final packaging, the BT/PVDF composite exhibited an average piezoelectric output of 0.88
V under a 50 N compression force, with a highly linear correlation between the output and the applied force
(R* = 0.996). These findings not only validate the key role of interface engineering in enhancing piezoelectric
performance but also offer novel optimization strategies for sensor and related applications.

Methods and materials

Materials

PVDF powder with trade name Kynar 761 with an average molecular weight of 5.2 x 10° g/mol procured from
Arkema, Guangzhou, China. Repolarization barium titanate (BT) powders were used in this study and procured
from Qijin Materials, China, and Sinocera, China, respectively. The solvents N, N-dimethylformamide (DMF),
and acetone were purchased from Damao Chemicals, Tianjin, China, and used without further purification. The
metallic needle 19G with 0.68 mm inner diameter was purchased from Aladdin Reagent, China. The packaging
material uses Kapton tape (50 pm) and copper foil as the electrode layer.

Methodology

Based on our previous reports on optimizing electrospinning conditions*>33, here the PVDF film was prepared
by dissolving 14 wt% PVDF powder in a solvent mixture of DMF and acetone (6/4) using magnetic stirring at
60 °C for 6 h and ultrasonic treatment for 30 min. Put the solution into a 20 mL syringe for electrospinning, and
prepare the fibrous membrane vertically using the Lepton Technology electrospinning & spray unit (QNZT-E04)
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and water collector. The electrospinning parameters are used for 20 kV high voltage, the flow rate is 1 mL h- 1,
and the distance from the tip to the collector (aluminum foil) is 15 cm. In addition, the collector is immersed in
5 mm of water. Electrospinning is carried out under atmospheric conditions with a relative humidity of 75-85%.
Before preparing the composite membrane, the ceramic particles were dispersed into an appropriate amount of
anhydrous ethanol, subjected to high-energy ultrasonic treatment at 60 °C for 3 h, and dried at 120 °C for 2 h.
After adding different weight% (0.5, 1.0, and 1.5) into the PVDEF precursor solution, ultrasound was performed
again for 20 min, and electrospinning was performed according to the same steps above. The complete schematic
representation of preparation is explained in detail in Fig. 1(a). During the electrospinning process when the
applied voltage overcame the surface tension, the solution became elongated and formed a Tylor cone beyond
that the solution started to eject from the Tylor cone and started spinning the pictorial representation of the
formation of the Tylor cone as shown in Fig. 1(b). Finally, PVDF and composite membrane were collected from
water, dried in a hot air oven at 60 °C, and then further characterized. The detailed characterization techniques
were discussed in Supporting Information section S1.

Results and discussion

Structural and crystal studies

The surface morphology of the as-received BaTiOs; powder, electrospun PVDE and BT/PVDF composites
was analyzed using field emission scanning electron microscopy (FESEM), as shown in Fig. 2. Pristine PVDF
fibers exhibited an irregularly arranged fibrous morphology with uneven fibers, primarily due to the use of a
water medium during electrospinning>2. Upon incorporating different amounts of BT, the resulting electrospun
membranes displayed a mixture of fibers and BT particles (Fig. 2b-d). The as-received BT powder demonstrated
a spherical morphology (Fig. 2e), and its combination with PVDF fibers indicated the successful formation of
composite films. The effect of BT content on fiber diameter was analyzed using Image-] software. Fiber diameters
were measured at over 40 locations, with average values provided in Table S2 (Supporting Information). The
fiber distribution plots are shown as insets in Fig. 2a-d, and the average fiber diameters for PVDF and BT/PVDF
composites are summarized in Fig. 2f. Pristine PVDF fibers had an average diameter of 0.37 um, which gradually
increased to 0.6 um with the addition of 1.5 wt% BT. This increase in fiber diameter can be attributed to the
incorporation of BT powder, which raises the viscosity of the solution as BT content increases (see Supporting
Information Section S1 and Table S3). Generally, higher solution viscosity correlates directly with increased
fiber diameter®*. The regional distribution of BT aggregation, both before and after electrospinning, was also
analyzed using Image-] software. Results, shown in Table S7 and Fig. S$4 (Supporting Information), indicate
that while the distribution of BT particles remains uniform, the particle size slightly increases to 0.5 £0.1 pm
after agglomeration. This increase could result from possible agglomerations or the particles being surrounded
by the PVDF polymer. Additionally, the spherical shapes of the BT particles were distorted during magnetic
stirring and ultrasonication during solution processing. Smaller BT filler sizes have been reported to enhance
piezoelectric performance by accommodating more interaction sites*®. This suggests that controlling particle
size and distribution is crucial for optimizing the material’s piezoelectric properties.
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Fig. 1. (a) Schematic diagram of the principle of preparing piezoelectric composite fiber by wet
electrospinning technology, (b) Schematic illustration of the formation of Taylor Cone-jet in electrospinning.
Figure la and b were generated using Microsoft PowerPoint (Version 2019), available at https://www.microsof
t.com.
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Fig. 2. Surface morphology of electrospun membranes (a) Pristine PVDF fibers, (b) 0.5 wt% BaTiO,-PVDF
fiber, (c) 1.0 wt% BaTiO,-PVDF fiber, (d) 1.5 wt% BaTiO,-PVDF fiber, (e) as-received BaTiO, powder, and (f)
Distribution of fiber diameter for electrospun membranes as a function of BaTiO, content.

In the experiment, piezoelectric ceramic particles with low doping content (0.5-1.5 wt%) were selected to
minimize the likelihood of filler particle agglomeration’. Under the established spinning conditions, the fiber
diameter exhibited a uniform distribution, and the piezoelectric ceramic particles were well-integrated with
the polymer fibers. The phase composition and purity of the composite fibers prepared by electrospinning were
characterized using X-ray diffraction (XRD) (Fig. 3a). The pristine PVDF powder displayed primary 26 peaks
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Fig. 3. (a) XRD patterns for as-received powders and electrospun samples, (b) FTIR-ATR spectra for as-
received powders and electrospun samples, (c) content of crystalline § of BT/PVDE, (d) TEM image of 1.5 wt%
BaTiO,-PVDE

at 18.2°, 19.9°, and 26.5°, corresponding to the a phase, attributed to the reflections of (110), (020), and (021)
planes, respectively. In contrast, the PVDF and BT/PVDF composite fibers exhibited a single broad peak at 20.3°
(for 0.5 and 1.0 wt% BT) and 20.7° (for 1.5 wt% BT), replacing the three distinct a crystallization peaks shown
in Fig. 3a. This broad peak is attributed to the a crystalline phase (020) and an overlapping contribution from
unresolved B crystalline phases (110)/(200)*!. Additionally, the XRD patterns of BI/PVDF fiber mats revealed
the characteristic p phase peaks, alongside distinct BT ceramic peaks at 22.1° (100), 31.4° (110), 38.7° (111), and
45.07° (200) (PDF card 97 - 016- 6225).

To gain detailed information about the phase transitions in the samples, FTIR-ATR (Fourier-Transform
Infrared Spectroscopy: Attenuated Total Reflectance) analysis has been used. Figure 3b shows the FTIR-ATR
spectra of the untreated PVDF powder, pristine PVDF fiber, and BT/PVDF composite fiber. In each sample, the
appearance of absorption bands at 763 cm™! corresponding to the non-polar a phase in the FTIR spectrum. The
exclusive peak at 1275 cm™! corresponds to the  phase, while the peak at 1234 cm™! indicates the presence of the
y phase. Intensive absorption band at 840 cm™ is shared by both the § and y phases®>3>.
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The exact p phase percentage of the neat PVDF and its composite films were measured by Lamberts-Beer law
as follows. The overall percentage of the B phase was calculated from Egs. (1)-(2) based on the Lambert-Beer
law4,

Ipa

Fpg = — 24
AT ) Lo 1 e

x 100% (1)

where Lia and I, are the absorbance at 840 and 763 cm™, respectively, and Kia and K represent the
absorption coefficients at the corresponding wavenumbers, which are 6.1 x 10*and 7.7 x 10* cm? moll"},
respectively. The relative fraction of p phases can also be calculated by Eq. (2), respectively.

AHp

F(B)=Frax AH, + A,

)

AH, is the absorbance difference between the peak around 1275 cm™! and the nearest valley around 1260 cm™
and AH_ is the height difference between the peak around 1234 cm™ and the nearest valley around 1225 cm™.
The calculated p phase percentage is provided in Fig. 3¢ and Table Sé6.

Based on the calculation results, the addition of BT leads to a slight increase in the p phase in PVDEF, with
no significant further increase observed as the BT content is raised. Further investigate the interface interaction
of piezoelectricity through TEM. The FE-TEM image of locally magnified 1.5 wt% BT/PVDF nanofiber is
displayed. Figure 3d and Fig. S5 (Supporting Information) show the TEM morphology of embedded BaTiO, in
the boundary of the PVDF fiber surface at 1.5 wt%. According to TEM images and electron diffraction patterns,
the spacing of the lattice plane in Fig. 3d is 0.247 nm, which changes 6 to 38% from the primary lattice spacing
of (100) (110) (200) (PDEF # 97 - 016- 6225). The change of surface spacing leads to lattice change. This enhanced
lattice distortion is equivalent to a substantial electric dipole, which increases the polarization vector on the
surface of BaTiO, crystal, and the absorbed free electrons transfer rapidly under the influence of the particle
electric field, which improves the intrinsic piezoelectric effect’”.

Electrical characterization

The complete schematic diagram of the device is shown in Fig. 4a. Preparation of the piezoelectric sensing
device: The BT/PVDF fiber mat has a thickness of approximately 100 pm and is covered on both sides with
copper foil and a 50 um Kapton tape. The overall dimensions of the device are 1.5 x 1.5 cm?. The testing samples
for piezoelectric output performance are subjected to reciprocating force via a grounded aluminum plate.
Structurally, the samples consist of a Kapton shielding layer, a front electrode, the composite fiber membrane,
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Fig. 4. (a) Illustrates the crossectional view of the piezoelectric device, (b) working mechanism of piezoelectric
device. Figure 4a and b were generated using Microsoft PowerPoint (Version 2019), available at https://www.m
icrosoft.com.
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and a rear electrode. The complete schematic representation of the cross-sectional view of the device is shown
in Fig. 4a.

The finite deformation of the piezoelectric fiber leads to smaller displacements, which allow the piezoelectric
signal to reach its peak more quickly. The piezoelectric signal is primarily force-dependent, so the electric force
relationship is tested accordingly. Figure 4b shows the electrical generation characteristics of the BI/PVDF
nanofiber during pressing and releasing cycles. In the initial unpressurized state, the cations and anions’ charge
centers are aligned, with no significant polarization. Upon pressure application, the deformation of the fibers
generates negative strain and reduces the volume. The separation of charge centers forms electric dipoles, which
leads to the development of a piezoelectric potential between the electrodes. If the electrodes are connected
to an external load, the piezoelectric effect drives electrons through the external circuit, partially screening
the piezoelectric potential and reaching a new equilibrium state. This process converts mechanical energy into
electrical energy, consistent with the principles of nanoelectronics®.

The piezoelectric effect of the composite fibers is primarily attributed to the intrinsic contribution, which
arises from field-induced lattice distortion®”. Under the influence of lattice stress or polarization vector rotation,
changes in the lattice parameters lead to lattice deformation. For the BT/PVDF composite, BaTiOs particles are
uniformly distributed within the organic matrix. When an electric field is applied, the different polarization
abilities of the ceramic particles and the polymer matrix generate bound charges at the BT/PVDF interface,
causing local electric field distortion. Inorganic ceramic particles, like BaTiOs, exhibit stronger polarization,
leading to more significant bound charges on their surfaces. The composite’s internal electric field is the sum
of the applied and bound electric fields, which enhances the formation of intrinsic piezoelectricity under field-
induced lattice distortion.

Due to the weak conductivity of wet spinning technology, the spinning process tends to increase the bound
charge, which indirectly improves the piezoelectric properties of the composite fibers. During the spinning
process, PVDF undergoes a phase transition to form B chains (trans chains). Adding BT particles can slow
down this relaxation®, and the slowing effect is due to the interface interaction®* (characterized by TEM, Fig.
§5, and Fig. 3d). However, excessive agglomeration and uneven distribution of BT particles can lead to output
nonlinearity. Therefore, the wet spinning method is used to control the degree of BT agglomeration, preventing
a decrease in interface charge density. The results from this study show that increasing the BT content improves
the linearity and stability of the output voltage, confirming that the composite fibers are well-suited for sensor
applications.

Figure 5a shows the output force and open-circuit voltage (V) of PVDF and BT/PVDF composite
membranes with varying BT content. The pristine PVDF fibers membrane exhibits a V- of 0.3 V. The V.
increases gradually from 0.3 V to 0.88 V as the BT content increases from 0 wt% to 1.5 wt%. The piezoelectric
performance of the optimized 1.5 wt% BT/PVDF device was evaluated as a function of frequency and load, as
shown in Fig. 5b. Meanwhile, the d33 value was measured, and the results show that it increased exponentially
with increasing BT content (Fig. 5c). However, this increase in d33 value did not directly correspond to a
proportional increase in the output electrical performance. This is because the binding sites between BT powder
and fibers are fixed, and the degree of dispersion remains relatively consistent in the range of 0.5-1.5 wt% BT.
However, as the BT content increases, agglomeration can occut, limiting further improvements in piezoelectric
properties due to reduced interfacial interactions, as shown in Fig. S5. When the frequency varied from 0.5
to 2.0 Hz in intervals of 0.5 Hz, the VOC remained relatively stable when the applied load was fixed at 50 N.
Therefore, we conclude that the Voe of the 1.5 wt% BT/PVDF device is independent of frequency. Additionally,
as the applied load increased from 5 N to 50 N, the VOC of the 1.5 wt% BT/PVDF device increased from 0.1
V to 0.88 V, demonstrating good linearity (R*> = 0.996) in this range (Fig. 5d). The presence of BaTiO; particles
in the composite leads to the formation of stress concentration points within the fiber. When force is applied at
these points, the localized stress increases, enhancing the output voltage®’.

Conclusion

In conclusion, this study successfully employed the wet electrospinning process to craft BT/PVDF composite
fibers, which demonstrate enhanced sensing capabilities. Our analysis revealed that the wet spinning process not
only retains the advantages of traditional techniques for p phase enhancement but also significantly improves
interface interactions between the organic and inorganic components. This enhancement further augments the
piezoelectric performance of the materials. Notably, the BT/PVDF composite containing 1.5 wt% BT exhibited a
remarkable peak piezoelectric voltage of 0.88 V under a 50 N compression force, representing a 3-fold increase
compared to unfilled PVDF fibers. This method, as an environmentally conscious approach to composite
manufacturing, holds significant promise for the production of large-scale, cost-effective medical and wearable
systems.
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Fig. 5. a) V. response of BT/PVDF device employing 50 N load, (b) Isc response of the BT/PVDF device
employing 50 N load. (c) d33 value of PVDF fiber with different BT content (0, 0.5, 1.0, 1.5 wt%) on the V.
response of 1.5 wt% of BT/PVDF under 50 N load, (d) Effect of applying load (5 to 50 N) on the V. response
of 1.5 wt% of BT/PVDE.
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