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Abstract: The current paper presents the development and characterization of polyvinylidene
fluoride (PVDF)-ZnyGeO4 (ZGO) fine fiber mats. ZGO nanorods (NRs) were synthesized using a
hydrothermal method and incorporated in a PVDF solution to produce fine fiber mats. The fiber mats
were prepared by varying the concentration of ZGO NRs (1.25-10 wt %) using the Forcespinning®
method. The developed mats showed long, continuous, and homogeneous fibers, with average fiber
diameters varying from 0.7 to 1 um, depending on the ZGO concentration. X-ray diffraction spectra
depicted a positive correlation among concentration of ZGO NRs and strengthening of the beta phase
within the PVDF fibers. The composite system containing 1.25 wt % of ZGO displayed the highest
piezoelectric response of 172 V. This fine fiber composite system has promising potential applications
for energy harvesting and the powering of wearable and portable electronics.

Keywords: PVDF; Zn;GeOj; Forcespinning; piezoelectric; fibers

1. Introduction

Wearable and portable electronics are now considered a necessity, given their contri-
bution to the development of human interactive applications in areas such as biomedicine,
aeronautics, and agriculture [1]. Research and development teams are eagerly working
toward the development of smaller, inexpensive, lighter, and highly efficient wearable
and portable electronics. Energy harvested from sunlight, thermal, and chemical sources
can power most routine activities in our daily life. However, powering small electronic
devices such as micropumps, sensors, pacemakers, and personal portable electronics using
the abovementioned sources is still a challenge given the intrinsic limitations of batteries.
Traditional batteries have limited life spans and storage capacities, lack an environmentally
friendly nature, and require frequent recharging [2,3]. Hence, self-powered technology
can be a great solution to overcome these challenges [4]. There are several promising
methods that can be used to provide energy to electronic devices, such as piezoelectric,
electrostatic, electromagnetic, and triboelectric energy harvesting methods [5-8]. Among
all these sources, piezoelectricity is highly promising given its ability to produce an electri-
cal response from simple mechanical stress. As mechanical energy is the most abundant
energy in our environment, motion-based energy harvesting devices capable of produc-
ing energy from mechanical motion such as mechanical vibrations, pressure, or periodic
motions are an attractive alternative for developing self-powered systems [9]. The main
advantage of piezoelectricity over thermal and solar harvesting is that ambient vibrations
are often persistent due to the operational conditions of a system, and it does not depend
on unsteady and unpredictable environmental conditions, which can vary with time [10].
Hence, in recent times, much focus has been given to piezoelectric energy harvesting as it
converts dynamic mechanical energy into electrical energy using piezoelectric materials.

Piezoelectricity has been detected in numerous materials, and has been adopted
using piezoelectric ceramic single crystals (i.e., lead magnesium niobate-lead zirconate
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titanate [11], lead magnesium niobate-lead titanate [12], and lead magnesium niobate-
lead zirconate titanate-manganese doped [13]), lead-free piezoelectric systems (i.e., potas-
sium sodium niobate-bismuth sodium zirconate-silver antimony oxide-ferrite [14] and
manganese-modified potassium sodium niobate [15]), high-temperature piezoelectric sys-
tems (i.e., bismuth ferrite-bismuth tantalum titanate [16] and bismuth ferrite-barium ti-
tanate [17]), and ZnO nanowires [18], to mention some. However, these materials are
usually brittle and possess high density. To overcome these problems, researchers have
developed piezoelectric composites consisting of an active piezoceramic phase embedded
in polymeric matrices that have piezoelectric properties such as polyvinylidene fluoride
(PVDE), polyvinylidene fluoride-trifluoro ethylene (PVDEF-TrFE), polyamides (PA), and
polylactic acids (PLA) [19].

Among the abovementioned polymers, PVDF has shown strong potential in energy
harvesting due to its light weight, flexibility, durability, chemical stability, affordability,
and high voltage output when strained [20]. Semicrystalline PVDF [21-23] and its copoly-
mers, such as polyvinylidene fluoride-co-hexafluoropropylene (PVDE-HFP), are widely
used in piezoelectric systems [24]. PVDF is a polymorphic system that exists in different
conformation phases, where each one has a unique set of properties. The semi-crystalline
structure of PVDF is known for having five crystalline phases: «, 3, 5, v, and ¢ [25]. oc and
(3 are the most prevailing phases, where « is a non-polar phase, while the 3 phase is polar
and mostly responsible for its piezoelectric response [26]. There are several procedures
for the conversion of « phase to 3 phase, such as melt methods [27], solvent methods [28],
mechanical stretching [29], copolymerization [30], and the addition of fillers [31]. Incorpo-
ration of certain fillers such as BaTiO3 [32], TiO, [33], ferrite [34], silver [35], graphene [36],
and carbon nanotubes [37] has also been known to aid in the development of electroactive
phases within PVDE.

Conventional fiber-making methods promote a high degree of mechanical stretch-
ing, and are therefore highly sought after in the development of piezoelectric systems.
Electrospinning and centrifugal spinning or Forcespinning® (FS) of piezoelectric-based
polymeric systems have been widely used. Fibers developed through electrospinning have
been vastly reported in the literature since the method was shown to produce nano- and
single-digit microfibers in the late 1980s. Studies have shown that electrospinning can
effectively produce piezoelectric PVDF fibers with enhanced 3-phase contents by stretching
the polymer solution into solid fibrils [20]. However, electrospinning has some limitations,
such as the need for high electric field strength and low output. To overcome the drawbacks
of electrospinning, Sarkar et al. developed the FS method in the 2000s, in which centrifugal
force is used to produce fine fibers instead of an electrical field [38]. In the FS method,
the angular velocity of a spinneret forces the molten system or solution through small
orifices within the rotating spinneret. The material exits the spinneret and stretches into
fibers as the system rotates, all in the absence of an electric field, therefore broadening the
type of materials that can be used to develop fibrils, since the dielectric constant is not
a parameter that must be considered. Variables of importance in the FS system are the
intrinsic properties (e.g., viscoelasticity and surface tension) of the chosen material, and
processing parameters such as angular velocity, size of the exit nozzle, concentration of
solute in solvent (or temperature of the melt), humidity of the environment, and distance
to the collector. The developed fluid jets follow highly curved trajectories and undergo
stretching and evaporation of the used solvent or cooling (molten systems), and developed
fibers are finally deposited in the vertical collector (laboratory-scale system) or horizontal
conveyor belt (industrial-scale system).

Metal oxides (such as ZnO, TiO,, and FeO) used as fillers in polymer matrices have
also been reported to enhance the piezoelectric response [1,39,40]. Ternary metal oxides
can retain multiple oxidation states that allow for multiple redox reactions. They appear
to be the most promising materials for pseudo-capacitors, as they are known for showing
a higher super-capacitive performance than single-component metal oxides [41]. Ger-
manates AyGeOy (A = Ca, Sr, Ba, Zn, etc.) have recently gained attention due to their
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catalytic and optical properties, as well as for their eco-friendliness, stability, and availabil-
ity [42]. As a low-cost ternary oxide, ZnyGeOy (ZGO) has been shown to possess exciting
properties that make it a promising candidate for applications needing negative thermal
expansion materials, as well as in optoelectronics, chemical and electrochemical sensors,
catalysis, lithium/sodium batteries, and electroluminescence devices [39,40,42-46]. It is
a typical n-type semiconductor with a wide band gap of 4.4 eV, high excitonic binding
energy (EBE), stable phenakite crystalline structure, and excellent thermal and chemical
stability [39,40,43]. These properties are more significanct when ZGO is synthesized with
a well-defined nano-domain morphology (such as nanorods). It also exhibits high wave-
length selectivity in UV photodetectors with fast response and recovery times, and bright
white-bluish luminescence [47].

Even though ZGO has been used in various applications given its electrochemical
properties and high theoretical capacity, its effect on piezoelectric response has rarely
been explored in the literature. In this study, we developed a composite-based germanate,
ZnyGeQy, as filler for a PVDF matrix, and its piezoelectric response was analyzed. The
main aim of the present work was the synthesis of ZGO nanorods and incorporation of
these within a PVDF matrix to subsequently develop fine fiber composites using the FS
method. The PVDF-ZGO fiber-based composite provides promising piezoelectric and
photoluminescence properties, which may open up a new field where both characteristics
are simultaneously utilized. To the best of our knowledge, no previous studies investigated
the piezoelectric property of Zn, GeO4 NRs-PVDF polymer composites.

2. Experimental Details
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs3),.6H,0O, germanium (IV) oxide (GeO,), and N,N-
dimethylacetamide (DMA) were purchased from Sigma-Aldrich (MilliporeSigma). Am-
monium hydroxide was purchased from Avantor Performance Materials. Acetone was
purchased from Fisher Chemical, and KYNAR 741 (Batch: 19C6001) polyvinylidene fluo-
ride (PVDF) was acquired from Arkema Inc.

2.2. Synthesis of ZnyGeOy

ZGO was synthesized using the hydrothermal method [48]. We dissolved 2.0 mmoL
of (Zn(NO3),.6H,O with 1 mmoL of GeO, in 15 mL of water, and ammonia solution was
added to adjust the pH of the solution to the desired value while stirring for 3-4 h. After the
solution was mixed, it was transferred to a 30 mL Teflon-lined stainless-steel autoclave in an
ambient environment. The sealed autoclave was heated at 220 °C for 4 h. The sample was
then cooled to room temperature, which was followed by purification using centrifugation
and repeated washing with a mixture of a water—ethanol solution. The sample was then
dried overnight in the oven at 60 °C.

2.3. Synthesis of PVDF-ZGO Fiber Mats

PVDF solutions were prepared by dissolving the polymer in a mixture (1:1) of DMA
and acetone. ZGO nanorods were added to these solutions, also at different concentrations
(1.25-10 wt % with respect to the polymer). The suspensions were magnetically stirred
at 70 °C in a silicon oil bath. Each mixture was stirred for 1.5-2 h at 1000 rpm to obtain
homogeneous dispersion. The developed samples were then fed into the spinneret of a
Cyclone system (Fiberio Technology Corporation) and spun at 8000 rpm. Figure 1a shows
a schematic representation of the FS process.
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Figure 1. (a) Schematic representation of the preparation of ZGO-PVDF fiber composite based mats and (b) the pneumatic
cylinder and oscilloscope set-up for piezoelectric testing.

2.4. Characterization Techniques

The morphological features of developed fiber-based mats were analyzed using a
Zeiss EVO LS10 scanning electron microscope operated at 1-3 kV. An EDAX (Octane Super)
was used to conduct energy-dispersive X-ray spectroscopy (EDS) analysis of ZGO NRs and
the fiber composites. X-ray diffraction analysis was conducted using a single-axis Bruker
D8 Advance X-ray scattering instrument from an effective wavelength of 20 range from
10° to 80°, in increments of 0.4° at a rate of 2° min~! under a power setting of 40 kV and
40 mA. An Edinburgh Instrument FLS 980 fluorimeter was used for photoluminescence
emissions using a steady-state Xenon (Xe) lamp source. Thermogravimetric analysis was
performed using a TGAQ-500 at a rate of 5 °C/min from 25 to 1000 °C using samples
of 10 mg. Piezoelectric testing was conducted by placing the fiber mat in between two
5 cm x 3 cm copper foil plates working as electrodes. The copper plate was then connected
to a Tektronix TDS 2012B Oscilloscope through a Tektronix TPP0101 passive 10x voltage
probe (100 MHz bandwidth). The oscilloscope was set to 10x probe attenuation to be
on the same scale as the voltage probe. A pneumatic cylinder stroked the specimen with
an adjustable force, which was measured using a load cell, with a pressure of 30 psi
(206 kPa) at 1.3 Hz. The piezoelectric response was recorded as peak-to-peak voltages at
DC coupling by using the oscilloscope-signals. Figure 1b shows a schematic representation
of the piezoelectric testing.
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3. Results and Discussion

Figure 2a shows the electron micrographs of the developed ZGO nanorods. Figure 2b
shows the corresponding EDS spectra, clearly showing the presence of zinc, germanium,
and oxygen. Figure 2c shows the corresponding XRD pattern of these ZGO nanorods. The
XRD pattern of ZGO correlates with previously reported work [42], and with the respective
standard pattern of Zn,GeOy (JCPDS file No. 11-0687), therefore confirming the highly
crystalline nature of the developed system.

The XRD for pure PVDF shown in Figure 2d depicts the « phase shown at 20 =17.7°,
18.3°, and 26.8° [49], and [3-phase characteristics are shown at 26 at 20.6° [50]. In this same
figure, the XRD spectra for the PVDF fibers and its ZGO composites are also presented, with
all showing a well-defined hump at exactly 20.6°. This proves that the spun PVDF-ZGO
fiber composites had an o phase to 3 phase transition. This transition of phases happened
due to the elongation that occurred in the FS method. PVDF 10 wt % ZGO fiber represents
a combination of peaks from ZGO and PVDEF. The intensity of ZGO peaks decreases with
the decline in ZGO concentration in the system. However, the peak demonstrating the 3
phase prevailed in all of the PVDE-ZGO fibers.

Figure 3 exhibits SEM images of the PVDF fiber and ZGO-filled PVDF composite
fibers, along with the corresponding histograms of fiber diameters. The fibers display a
smooth surface morphology; agglomeration of nanorods was not observed. It also shows
an unvarying cross-section with a high degree of entanglement, as expected in a nonwoven
fiber system such as those previously reported via the FS method [51]. Figure 3a shows
an SEM image for PVDF control fibers that are randomly oriented, with an average fiber
diameter of 0.7 pm, ranging from 0.3-1.5 um. Fibers reinforced with ZGO show fiber
diameters ranging from 0.2-3 pm, without any correlation with the concentration of ZGO,
suggesting that fiber orientation and diameter are dependent on humidity and rotational
speed rather than the concentration of nanorods. From the images, it can be seen that pure
PVDF fibers (Figure 3a,b), PVDF 1.25 wt % ZGO (Figure 3¢,d), and PVDF with 5 wt % ZGO
(Figure 3i,j) show long, continuous, and highly aligned fibers with a highly homogeneous
surface morphology. The average fiber diameter of the 5 wt % ZGO-PVDF fiber was
0.75 um, with the lowest standard deviation among all the other fiber systems.
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Figure 2. (a) SEM micrograph of developed ZGO nanorods, (b) EDAX spectra of ZGO nanorods,
(c) XRD pattern of ZGO nanorods, and (d) XRD of pure ZGO nanorods, pure PVDF fibers, and
PVDEF-ZGO fiber composites (1.25-10 wt % of nanorods).
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Figure 3. SEM morphology and corresponding histograms showing fiber diameter lengths of (a,b) PVDF fiber, (c,d) PVDF-
1.25% ZGO, (e,f) PVDF-2.5% ZGO, (g,h) PVDF-3.75% ZGO, (i,j) PVDF-5% ZGO, and (k1) PVDF-10% ZGO.

Figure 4a,b shows the digital image when the PVDF and PVDF-ZGO fiber mats were
excited by a UV lamp under 302 nm of irradiation. While the PVDF fibers did not emit any
color, the PVDF-ZGO fibers showed bluish-white uniform emission under a UV lamp. This
confirms a homogenous distribution of the ZGO within the developed fibers. Figure 4c
shows the PL excitonic emission spectra of the PVDF-ZGO systems. The photoluminescence
excitation spectra display a broad emission range in the visible region of the spectrum
for the PVDF-10 wt % ZGO fibers. The highest peak around 500 nm wavelength can be
attributed to radiative recombination between the donor level containing oxygen vacancies
and zinc interstitial and the acceptor level comprising zinc and germanium vacancies [52].
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Figure 4. Digital image of (a) PVDF and (b) PVDF-ZGO fibers under UV lamp irradiation. (c)
Photoluminescence excitation spectra of PVDF fiber mats with 1.25 wt % and 10 wt % ZGO loading.

The effect of ZGO fillers on the thermal stability of PVDF was analyzed through
TGA analysis. The thermograms are shown in Figure 5. The main thermal degradation
of the fibers is anticipated to be the result of two important parameters, the thermal
degradation of the polymer PVDF as affected by the ZGO, and the thermal degradation
of ZGO fillers. According to the thermogram, absorption of humidity can be considered
negligible for all fiber composite systems. The main degradation of PVDF fiber initiated at
481 °C, and the fiber ended up with a residual mass of 26.6%. Some studies have shown
that the presence of certain fillers improves the thermal stability of the polymer, mostly
resulting from molecular pinning, which restricts movement and therefore increases the
temperature needed to initiate molecular vibration; in some other studies, the presence
of fillers speeds up thermal decomposition through their function as lubricants [53]. For
the case of ZGO, it was observed that its addition results in decreased thermal stability.
Polymer degradation started at 477, 446, 425, 413, and 336 °C for the 1.25, 2.5, 3.75, 5, and
10 wt % ZGO concentrations, respectively. The thermal degradation of the fibers can be
better observed in the inset graph, which shows a magnified version of 350 to 450 °C vs.
80-90 wt % area. The residual mass for the PVDF-ZGO fibers also increased compared to
the pure PVDF mats. The residual mass at 650 °C (once PVDF degraded) was 31.98% for
the 1.25 wt % and 39.88% for the 10 wt % ZGO concentration.
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Figure 5. TGA curve for PVDF and PVDF-ZGO composite fibers.

Piezoelectric properties of the fiber composites were analyzed by measuring peak-
to-peak output voltages when subjected to an external force. The mechanical stress can
produce piezoelectric charges that create a potential difference between the sides of the
copper plates acting as electrodes. When the mechanical stress in the form of pressure is
applied, the external free charges will move to gather at the electrodes and a positive signal
will be detected. When the stress is released, the potential difference between the two sides
of the copper plate disappears. Hence, the accumulated charges flow back in the opposite
direction, generating a negative electrical signal [54].

Figure 6 shows the highest output voltage generated by each of the fiber mats. The
neat PVDF fibers generated an outstanding 144 V, which can be attributed to a higher
fraction of the 3 phase and increased surface area. It was reported earlier that a higher
fraction of the 3 phase results in a higher ds3 piezoelectric coefficient, and thus a higher
piezoelectric output [55]. The increase in5 surface area within the fiber mat also facilitates
the free charges on the surface, which can be another factor for higher piezoelectric response.
The resultant peak-to-peak output voltage for the fiber composites first increased to 172 V
for the PVDF-1.25% ZGO fibers, which can be explained by the electrostatic interaction
between the ZGO nanorods and PVDE. It can be assumed that the addition of the nanorods
improved the polarization, which resulted in an enhanced alignment of the dipoles [50].
However, when the ZGO concentration was further increased from 2.5-10 wt %, the output
voltage declined. This reduction in piezoelectric performance at higher reinforcement of
NRs could be due to the outflow of charges through the conducting path of the electrodes
and nanorods concentration reaching saturation for effective alignment [56]. It can also be
explained similarly to results observed in ZnO nanowires [57], where the filler does not
play a significant role in surface charge generation, and its initial contribution is mostly
due to increasing the stress concentration near the PVDF fiber. Multiple studies have been
conducted on pre-stressed and pre-polarized piezoelectric materials to further explain
this phenomenon [58,59]. As observed in the XRD analysis, as the concentration of ZGO
increases, the peaks of ZGO become more prominent, and this may have subdued the effect
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of the 3 phase, resulting in a lower output voltage. Peak-to-peak voltage with respect to
PVDF and PVDF-ZGO mats are further summarized in the histogram shown in Figure 6g.
The histogram outlines the maximum, minimum, and average output voltage displayed by
each fiber composite mat. The average piezoelectric response by PVDEF-1.25% ZGO was
132 V, which is 25% higher than the average output voltage exhibited by pure PVDF fibers.
Further increases in ZGO within the fiber composite showed a gradual declining of the
peak-to-peak voltage response, down to an average peak-to-peak voltage of 59.6 V for the
PVDEF-10% ZGO fiber composite mat. Table 1 compares the results of the present study
with similar PVDF-based composite systems.
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Figure 6. Highest peak-to-peak voltage produced during initial loading by (a) PVDF fiber, (b) PVDF-1.25 wt % ZGO,
(c) PVDF-2.5 wt % ZGO, (d) PVDF-3.75 wt % ZGO, (e) PVDF-5 wt % ZGO, and (f) PVDF10 wt % ZGO; (g) histogram shows
minimum, mean, and maximum peak-to-peak voltage produced by all fiber mat systems.
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Table 1. Comparison of peak-to-peak results with similar PVDF-based composite systems.

Source Material Type Testing Method Results
Ponnamma et al. (2019) [60] EZ_RE;;%T;E%%‘*;Q glles Electrospinning Mechanical loading 3-5V
Bodkhe et al. (2017) [61] PVDEF and BaTiO3 3D printed Finger tapping 4V
Parangusan et al. (2017) [24] PVDF-HFP and Ni doped ZnO Nanocomposite Egenel]\;iir‘tgation 12V
Zhao et al. (2015) [62] PVDF and BaTiO3 NPs Film External load (1 Mpa) 150V
Hu et al. (2018) [63] PVDF and BaTiO3 NPs Film External load 6.7V
Issa et al. (2017) [35] PVDF and Ag NP Electrospun fibers Mechanical vibration 0.6-2V
Parangusan et al. (2019) [50] EZ—%Fosgi Ce-Fez03 and Electrospun fibers External force 15-20V
Samadi et al. (2019) [64] PVDF and TiO;,-Fe304-MWCNT Electrospun fibers Finger tapping 51.42 mV
Chinya et al. (2020) [65] PVDF/ Polyaniline (PANTI) in situ Film Finger-friction motion =~ 42V
Ferrite nanorods
Pusty et al. (2019) [66] PVDF and Ag doped rGO Nanocomposite Egéiglg Mechanical 18V
Karan et al. (2016) [67] PVDF and AlO doped rGO Nanocomposite Mechanical energy 36V
Roy et al. (2018) [68] PVDF and CdS doped rGO Electrospun fiber Finger tapping 4V
Cai et al. (2019) [69] PVDE-HFP and Carbon black Film Resonance frequency 3.68V
Singh et al. (2017) [70] fC\;/OD F and NaNbOj3 nanorods and Nanocomposite External load 216V
Ponnamma et al. (2018) [71] Er(l\cfllgfﬁ%il’r)l;Frig;:r?iger;anotubes Nanocomposite film External load 2V
Ghosh et al. (2018) [72] PVDF and Pt nanoparticles Electrospun nanofiber ~ External load 30V
Kar et al. (2019) [73] PVDF and SnO; nanosheets Nanocomposite 42V
Present Study PVDF and PVDF-1.25%ZGO Finefibers g’ggrﬁ‘lfg)load 1y and

4. Conclusions

In the present study, we developed and extensively characterized PVDF-ZGO fine
fiber composite membranes. SEM micrographs showed long, continuous, and highly
homogeneous fibers, with fiber diameter ranging between 0.7 and 1 pm depending on the
ZGO concentration. XRD analysis depicted the presence of the ZGO and the expected « to
3 phase transition of the PVDF as the system was subjected to mechanical stretching for
fiber formation. Photoluminescence excitation spectra showed a homogenous dispersion
of the ZGO nanorods and a broad emission range in the visible region of the spectrum,
with the highest peak around 500 nm for PVDF-10 wt % ZGO fibers. ZGO fillers negatively
affected the thermal stability of the developed fiber composites by close to 100 °C for the
sample containing 10 wt % of ZGO. The piezoelectric response was analyzed, and the
highest peak-to-peak voltage was found for the PVDF-1.25 wt % ZGO, which showed a
response of 172 V, which is 20% higher than the highest output voltage exhibited by pure
PVDF fine fibers. This amplification of piezoelectric response can be attributed to a higher
fraction of the 3 phase, enhanced alignment of the dipoles, surface charge generation, and
increase in the stress concentration. Even though with increasing concentration of ZGO, the
piezoelectric effect decreased, the lowest output voltage recorded was 42 V, which is still
significantly high when compared to those reported in the literature. The developed fiber
composite systems have promising energy harvesting and photoluminescence applications
given their low cost, facile fabrication, and outstanding piezoelectric performance.
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