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Abstract

PVDF has special piezo/pyro/ferroelectric, flexibility,

Correspondence low weight, biocompatibility, economical, good
chemical/thermal, and high mechanical properties such
*Sedigheh Aghayari, Tehran. as excellent nontoxic fiber/film formation. It has polar
and nonpolar phases of a, B, v, €, and d that the nonpolar
Email: 1415he@gmail.com a phase is the most stable one, but the B phase is the

best of all because it has good piezo/pyro/ferroelectric
properties. Copolymers are attractive because of their
low weight, nontoxic, chemical acid resistance,

Funding Information flexibility, and ease of processing. These aspects result
in their applications in many fields. They are used for
none piezoelectric nanogenerators, cooling/heating sensors,

electronic devices (fuel cells, lithium-ion batteries (as
separators), dye sensitive solar cells), filtration,
oil/water separation, and photoelectric nanodevices.
This review highlights the main aspects of the last
decade's articles, and the focus is on the synthesis
methods of PVDF nanofibers and their properties
which results in their application in different fields of
industry and especially focuses on finding ways to
increase the output of PVDF nanofibers nanogenerators
(weight/acoustic pressure nanogenerators).

KEYWORDS

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.



mailto:authorone@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20944/preprints202111.0380.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2021 d0i:10.20944/preprints202111.0380.v1

PVDF, electrospinning, nanogenerators, piezoelectric.

Graphical table

piezoelectric  pyroelectric  ferroelectric h'gh. hydrophobic . thermal wedlolis ion
. . . mechanical - good matrix I and nano -
properties properties properties e ——— properties stability size conduvtivity

photo-luminance
fabrics

tissue engineering

and drug delivery filters

water purification

Catalysts (for
methanol
oxidation reaction)

increasing
combustion rate

optical sensors photothermal

solid electrolytes

electronic textile

spintronic devices filters

IR imaging seperators

(for manometers) material

lithium-ion
capacitors

photothermal
materials

superhydrophobic
webs

piezoelctric

nanogenerators magnetic sensors

photo catalysts

Introduction

Due to the excellent properties of PVDF, nanostructures based on it have applications in smart wound
dressing, smart machine seats, self-cleaning filters, cooling and heating sensors [1], electronic devices,
ultrafiltration, heavy metals removal, photocatalysts, desalinate water osmosis, oil/water separation [2] and
photoelectronic devices [3].

Electrospun nanowebs have a high specific surface area, adjustable porosity, interconnective pores,
microscale interstitial distance, and flexibility because of their different sizes and morphologies. Due to
these advantages, they are attractive in tissue engineering, sensors, wearable electronics, and water
purification [4] but recently, other methods such as centrifugal spinning [5], blow spinning [6], and ... are
attractive. Because of the limitations of electrospinning, including high voltage sources, in most cases, it
requires toxic organic solvents and low production rates [5]. Depends on synthesis conditions, nanofibers
can have different morphologies like mesoporous fibers [7]. These morphologies result in a higher specific
surface of nanofibers that can enhance their properties special their sensing operation.

PVDF nanofibers with nanostructures give hydrophobic, controllable structural properties (length to
diameter ratio, high surface to weight ratio, and small diameter (tens to hundreds nanometer)),
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piezo/pyro/ferroelectric properties (easy to control by adjusting production parameters) that give more
attention to them.

This review focuses on synthesis methods, properties, and applications of PVDF nanofibers.

PVDF nanofiber

The following is focused on PVDF nanofibers synthesizing methods, their main properties, and their
application in other industries.

Many methods have been developed for the production of nanofibers such as centrifugal spinning [5], blow
spinning [6], electrospinning [8], and so on. Most of the articles in the last decade focus on electrospinning
with the polymer solution, but other methods have developed recently because of their limitations.
Forcespinnig is a centrifugal spinning that uses centrifugal forces instead of high voltage to thinning a jet
[5]. Two parallel concentric fluid flows, including polymer solution flow and compact airflow surrounding
polymer solution, exist in blow spinning. Jet produces and thins with airflow and evaporates solvent fibers
in the same direction of gas flow deposit. This method does not have high voltage despite electrospinning.
[5]. Electrospinning with melt compares to the solution is more economical and environmentally friendly
because of the absence of organic solvents and ease of process [8].

Investigating and utilizing PVDF nanofibers with different nanoparticles has been attractive recently. Better and
multifunctional properties result from using other structures such as small molecules, polymers, and nanostructures.

The morphology of nanofibers can change with controlling production parameters, and it has a vital role in arising
properties of the material. For example, nanofibers' morphology is very useful in piezo/pyro/ferroelectric properties
because the reduction in diameter due to more thinning can increase the B phase [9]. Increasing specific surface area
can benefit gas absorption [7]. To increasing the PVDF properties, different metal and metal oxide elements as
dopants like Ce, M0S;, etc. have been used.

Knowledge and utilizing of piezo/pyro/ferroelectric properties, hydrophobicity, and chemical and mechanical
stability of nanostructures can develop sensors, nano/photoelectric devices, and other exciting applications.

Therefore, some details based on piezo/pyro/ferroelectric properties, hydrophobicity, and chemical and mechanical
stability of recently developed PVDF nanofibers in various applications are discussed in the following.

Piezoelectric properties

Ceramic nanofibers with high piezoelectric properties do not have enough flexibility and wearing ability; therefore,
using piezoelectric polymers is the solution. Among them, PVVDF has the most piezoelectric properties but is not
higher than ceramics. There are many methods for arising B phase, including mechanical drawing, thermal annealing,
or electrical polling, but all of them have limitations for PVDF.

Methods to improve the piezoelectric properties of PVDF are a lot, such as electrospinning, and doping which are
focused on in the following [10].

In electrospinning, dipoles are aligned along with layer thickness that results in the polarization of the layer.
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For determining the piezoelectric properties of PVDF, investigating the B phase content is useful. For this work,
FTIR, XRD, PFM, FESEM, and DSC can be helpful.

Figure 1 NG working mechanism [9]. Permission from [ACS Applied Energy Materials].

Utilizing pressure stresses results in the layer's polarization because of changing the overall momentum of dipole
and thickness of the layer under pressure, and now charges produce and flow from the external circuit. After
removing these external stresses, the polarization saves, and current in the opposite direction flows that make the
inverse signal. Therefore, the output is the usual AC signal (figure 1) [9].

Figure 1 Working mechanism of the NG at (a) the initial state (enlarged view shows that the dipoles are aligned
along the thickness direction), (b) pressed state, and (c) released state. (d) Press and release states are resulting in
positive and negative peaks of AC generated from the NG [9].

FESEM is for investigating the morphology of nanofiber that the diameter of the nanofibers can extract from it.
Results of the researcher’s works are presented in figure 2 and table 1.

According to the results by doping, the conductivity of the solution increased, so the diameter of the nanofibers
reduced, and the piezoelectric property increased but in sample 2, by increasing the solution viscosity, the diameter
of the nanofiber increased. In sample 3 and the graphene, cerium ions were added too, which helped the diameter
reduction.
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For calculating the exact f phase content and investigating crystallinity, the FTIR test is good. To analysis the results,
table 2 is helpful. There are many wavelengths for all phases but commonly bands at 840 are used for the beta phase
and at 833 for the gamma phase which is very near to 840 and other bands are not very strong so, they can be not
considered in the analysis [16]. Results of the researcher's works are presented in figure 3 and table 3. From the
results, it is clear that after doping, the peaks for the beta phase got higher, but others got lower. So, FTIR can show
encasement of the beta phase. There is a formula for calculating the content of each phase by calculating the baseline-
corrected absorbance and wavenumbers for each phase but by looking at the curves we can see if the phases got

stronger or not.

Figure 2 FESEM images of nanofibers with/without dopants respectively left and right sides: 1) TiO, [9], 2) BTO [10], 3) G [11] and
4) MoS; [12]. Permission from [ACS Applied Energy Materials, ACS applied materials & interfaces, ACS applied materials &
interfaces and Energy Technology (5170270152628)].

Table 1 Diameters of nanofibers with/without dopants, column 4 is the diameter of PVDF nanofibers and column 2 is the diameters

of PVDF nanofibers with dopants.

do0i:10.20944/preprints202111.0380.v1

sample

sample diameter (nm) diameter (nm) diameter changes (%) source
PVDF/TiO, - PVDF - decreased 9
P(VDF-TrFE)/BTO - PVDF 400 - 10
PVDF/Ce*IG 80 PVDF 85 -6 11
PVDF/MoS; 7510 PVDF 10745 -30 12
PPy/PVDF 325+143 PVDF 4534153 -28 13
PANI/PVDF 390+138 PVDF 4531153 -14 13
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P-LGA/PVDF 2512+1182 PVDF 453+153 454 13
PVDF-ILS4 592+404 PVDF 321+152 84 1

PVDF/Ag 169+21 PVDF 156+13 8 14
PVDF/ZnO 195 PVDF 240 -19 15

Table 2 The wavelength of picks of different phases of PVDF [16]. Reproduced from [5155610858383], with permission
from [Progress in Polymer Science].

Wavenumber (cm™)

o P ¥
408 510 431
532 240 512
614 1279 776
166 g12
193 833
853 840
o976 134
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Figure 3 FTIR images of nanofibers with/without dopants respectively red and blue/black curves: 1) TiO- [9], 2)
BTO [10], 3) G [11] and 4) M0S; [12]. Permission from [ACS Applied Energy Materials, ACS applied materials & interfaces,
ACS applied materials & interfaces and Energy Technology (5170270152628)].

Table 3 Beta phase contents of nanofibers with/without dopants column 4 is the  phase content of PVDF nanofibers and column
2 is the  phase content of PVDF nanofibers with dopants.

sample B phase (%) sample B phase (%) B phase change (%) source
PVDF/TIO2 - PVDF - 16 1
P(VDF-TrFE)/BTO 81 PVDF 65 16 11
PVDF/Ce3+/G 99 PVDF 96 3 12
PVDF/MoS2 95 PVDF 92 3 13
PPy/PVDF 83.5 PVDF 77.4 6.1 14
PANI/PVDF 83.6 PVDF 77.4 6.2 14
P-LGA/PVDF 85.3 PVDF 77.4 7.9 14
PVDF-ILS4 98.62 PVDF 76.04 22.58 2
PVDF/Ag 94 PVDF 83 11 15
PVDF/ZnO 92 PVDF 86 6 16
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| PVDF/Pt 99.9 [PVDF |76 | 239 | 18

According to the results by doping, the 3 phase increases that result in higher piezoelectric properties. Investigating
the crystallinity is possible from this test. Analysis results of this test (for K= 1.5405600 A) according to table 4,
is possible. In table 3 the peaks of different phases were mentioned, and each peak is belonging to a special crystal
plane [16]. Results of the researcher's works are presented in table 5. When the peaks of each phase get stronger that
means that this phase has been increased and this is a way to understand that if the process was successful to increase
the special phase or not? In table 5, it is visible that adding any dopants resulted in higher beta phase content which

means that all of the doping can result in higher beta phase content. So, XRD is a way to understand if the beta phase
got higher or no?

Table 4 Degrees of picks of different phases of PVDF [16]. Reproduced from [5155610858383], with permission from
[Progress in Polymer Science].

PVDF 26 (%) Crystal plane
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Figure 4 XRD images of nanofibers with/without dopants respectively left and right sides: 1) TiO [9], 2) BTO [10], 3) G [11] and 4)
MoS; [12]. Permission from [ACS Applied Energy Materials, ACS applied materials & interfaces, ACS applied materials &
interfaces and Energy Technology (5170270152628)].

According to the results of the addition of additives, the piezoelectric property increased.

PFM is a simple method that uses contact mode for evaluating the single fiber piezoelectric constant. Effective
piezoelectric constant dss effachieves from the following equation where A, V, and € are respectively amplitude, AC
voltage, and correction factor that illustrates by alternative electrical polling of standard lithium niobate. High ds3 et
illustrates high piezoelectric properties [10].

The researcher's work results are presented in Table 5. When the effective piezoelectric constant gets higher it means
that the piezoelectric properties got stronger. In table 5, all dopings resulted in a higher effective piezoelectric
constant, and PFM could approve that. For this section, an electrospun layer with the electrode(s) is used, and by
applying pressure such as human hand force, the pressure converts into electricity, and now the electrical voltage
can be measured.

Table 5 Comparing outputs of different researches for nanofibers with/without dopants.

Force Pressure Output Sensitivi Current

Sample Ny | AraMm2) voltgge V) (V/KPa)ty (nA) Source
PVDF/no TiO; |5 0.006 833.33 7 8.4 104 [9]
PVDF/no BTO | - - 7000 - - 4.8 [10]
PVDF/no G 8 825 6600 45 0.68 - [11]
PVDF/no MoS; | 7 1257.142 | 8800 25 0.28 - [12]
PVDF/TiO, 5 0.006 833.33 115 13.8 176 [9]
PVDF/BTO - - 7000 - - 125 [10]
PVDF/G 8 825 6600 11 1.66 - [11]
PVDF/MoS, |7 1257.142 | 8800 14 1.59 - [12]

As seen in table 5 by doping, piezoelectric output increased, and the effect is entirely adaptive with the results of
previous tests.

It concluded that FESEM/SEM, FTIR, XRD, PFM analysis or measuring the voltage, and current outputs of
piezoelectric tests help to find that the piezoelectric property has enhanced or not. It conducted that doping is a
suitable way of improving the piezoelectric effect and oil separation efficiency of electrospun PVDF webs from the
results. There are other methods for improving piezoelectric output too, such as increasing specific surface area (by
mesoporous nanofibers [18], penetrated electrodes [10], and plasma treatment [19]), benefiting the test and layer
conditions [20] (layer thickness, kind of polymer, the diameter of nanofiber, nanofiber alignment in web, area of the
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layer, and finding the conditions which make higher output), and the electrode (kind of electrode [21] and kind of
method of applying the electrode on the layer [22]) which is a subject of the next article.

Ferroelectric property

In contrast with different nanoparticles such as TiO2, SrTiOs, BaTiOs, and ...., ferrite nanoparticles have superior
efficiency to increase the electroactive phase of the PVDF and its copolymers. These nanoparticles can increase the
magnetic, ferroelectric, and dielectric properties of PVDF. NiFeOs is one of the essential ferrite materials that have
application in MRI contrast agents, media with the capability of saving high magnetic density, ferrofluid, color
imaging, catalysts, and microwave devices. High information saving efficiency, nanomagnetic, and ferroelectric
results in good energy production from the piezoelectric property when they corporate in PVDF [23].

Adding nanoparticles, especially ferrite nickel, results in the nucleating of the ferroelectric phase combined with
phase conversion due to the corporation of nanoparticles and increases the crystallinity. However, trapped particles
in the amorph phase of the polymer result in spherulite growth [23].

Ferroelectric properties of all the samples tested by a system (figure 5). Particular vibrations (15-45Hz) were applied
to the samples with the aid of the frequency generator. Amplifier for amplifying the vibrations and transfer them
attached to vibration shaker. Sample with conductive wires on both sides on the top of the shaker kept with the
weight of 2.5N. According to vibration frequency, the shaker did the shakes, and weight contributes to the sample's
pressure force. These forces show the electrical voltage by changing the dipole moment, and the data receiving
system records these results. With a resistant box attached to the sample, the produced voltage can maximize before
recording [23].

FE=T= =
Frequency
Generator

Vibrating
Shaker
——— —

T =t

Computer

oEp o
Amplifier
-

Figure 5 Schematic representation of the piezoelectric experimental setup [23]. Reproduced from [5155600761114], with
permission from [Materials Chemistry and Physics].

The maximum dielectric constant of nanocomposites with 1wt% NiFe,O, was 118 in 1Hz, which was 24 times
higher than nanofibers. By adding 2wt%, additive output voltage was 4V [23].

Magnetoelectric devices have magnetic sensors, multistate memories, electric field controlled ferromagnetic
resonance devices, and actuators. It is because of the dielectric polarization property by applying a magnetic field
and/or induce magnetization with an external field [23].

For determining the magnetoelectric properties of PVDF/PMMA-Fe3;04 nanofibers, PFM (by applying the magnetic
field determines the piezo, and magnetoelectric properties) was used. With the addition of nanoparticles, the diameter
increased. Amplitude compared to iron oxide nanoparticles was much narrower. It is a sign of the effect of magnetic
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field on piezoelectric response and magnetoelectric effect (to deliver the appropriate electrical signal for nerve and
tissue cells in biomedical) [24].

Co0o5NiosFe204/PVDF nanofibers due to the doping have a higher p phase compared to

PVDF nanofibers influenced the ferroelectric properties of the layer. VSM (Vibrating Sample Magnetometer)
method used for determining ferroelectric properties (figure 6). The stability of the magnetization of nanoparticles
increased due to the polymer's nonmagnetic nature, so the resulting web is useful for water purification, spintronic
devices, and magnetic sensors [25].

Ferroelectric properties are also present in the tetragonal barium titanate [26] and gold [27] nanoparticles.
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Figure 6 VSM plots of (a) Co0.5Ni0.5Fe204 pristine nanoparticles and (b) CoosNigsFe.0s -PVDF nanofiber membrane [25].
Reproduced from [5155601504764], with permission from [Nano-Structures & Nano-Objects].

Dopamine-functionalized BaTiOs/ BaTiZrOs/ BaZrOs-PVDF nanofibers had higher p phase content and better
dielectric, ferroelectric (figure 7), and mechanical properties due to doping. They are appropriate for storing media
in electrical devices such as memories with random access ability [28].
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Figure 7 P-E loop of DBTO/DBZTO/DBZO-PVDF nanofibers at a different frequency (Time) (a)10 Hz, (b) 20 Hz, and (c) 50 Hz
[28]. Reproduced from [5155590564619], with permission from [Journal of Alloys and Compounds].
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Pyroelectric property

Due to its properties, PVDF has applications in tactile sensors, energy harvesters, and IR imaging. PVDF has poor
absorption in the visible region and near to IR, which avoids effective conversion of light to heat and then to an
electrical signal. To overcome this problem, gold nanocages in nanofibers were used, so strong absorption resulted.
Combine this method with electrospinning resulted in higher B phase content and better piezo/pyroelectric properties.
Nano cages could give the nanofibers ability to convert light into heat and then into electricity, so it is good for
sensing light. By applying tactile force and IR radiation, the output voltage 12.6 times increased (7.2V), so a
piezo/pyroelectric hybrid sensor was conducted [29].

Plasmonic nanomaterials for applications from photonic to medical have developed due to localized surface plasmon
resonance (LSPR) and properties related to them. An example of them is nanostructures based on gold with a wide
range of shapes of non-spherical or complicated structures for the production of adjustable LSPR peaks in visible
and near IR regions. Among them, gold nanocages with hollow space and porous walls are very attractive because
their LSR usually makes them absorb rather than scatter. The absorption peak is adjustable precisely in the 400-
1200nm region by controlling the wall thickness than all dimensions. These nanocages with strong absorption are
efficient photothermal converters for converting a photon to phonon or heat [29].

Strong electrostatic interaction between nanoparticles with a positive charge and negative charge of the F atoms in
the polymer chain can make interfacial polarization in the crystalline phase named 3 [29].

Gold nanoparticles are useful for changing the piezo/pyro/ferroelectric properties of PVDF [23].

Wettability properties

In lithium-ion batteries (as separators), in addition to high porosity, the good intrinsic desire between separator and

electrolyte is necessary for electrochemical operation because good wetting ability can help faster lithium-ion
transfer. The wetting ability of the webs with scattering 10 pL of the liquid electrolyte was evaluated (figure 8).
Wetting of the commercial sample was limited, but others wetted thoroughly in 2s. The contact angle of the samples
of PE, PVDF, Al;Os/SiO./PVDF, Al;0s/PVDF, and SiO,/PVDF were 25.1°, 18.3, 18.3, 16, and 46.3 respectively
(figure 9) [8].

(b) ME-PVDF ALOyYSIO/PVDF Al,o,/wos
251° 18.3"
SI0/PVDF
16.0° u 3
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Figure 8 (a) Photographs of the wetting behavior. (b) Initial contact angles of the ME-PVDF, Al,O3/SiO,/PVDF, Al,0s/PVDF,
SiO,/PVDF, and PE membranes with the liquid electrolyte [8]. Reproduced from case number [CSCSI0026247] with
permission from [ACS Omegal].

This can be due to the polar bands (C-F) in PVDF that prepare strong interaction with polar electrolytes. In contrast, PE web prepared
from hydrophobic polyolefin resulted in low wetting with polar liquid electrolyte. [8].

PVDF-HFP nanofibers have hydrophobic webs due to the intrinsic hydrophobic nature and surface nano-roughness
of nanofibers morphology. Utilizing Zwitterionic/PVDF-HFP and Zwitterionic/PVDF-HFP/Ag webs resulted in
hydrophobicity reduction. The static water contact angle test was done with drops of nonionic water (5 pL) [4].

—_

b) Contact Angle Measurements
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Figure 9 Static contact angle made by water droplet (5 pL) on PVDF-HFP, ZPC, and ZPC-Ag membranes [4].
Utilizing CNT [6, 30] or plasma treatment [19] is a way to have (super)hydrophobic webs. Reproduced from
[5155610160794], with permission from [Journal of Applied Polymer Science].

In the FesO4/PVDF nanofiber web, the hydrophobicity of the web changed by changing the nanoparticle
concentration or electrospinning voltage.

For rGO/TiO2/PVDF webs, the water contact angle test was done (figure 10). The water contact angle for the web
with rame-hart DROPimage was done at room temperature by dropping a 2 puL of nonionic water on the webs.
Average of five measurements recorded. Welch's two-sample t-test was also done. Results showed that the contact
angle was reduced by increasing the concentration of nanoparticles. This was because of nanofibers' surface
morphology, and diameter that had an essential rule in the web's hydrophobicity. The average roughness of webs

increased by increasing the nanoparticle concentration. By these nano-roughs, the surface tension and water contact
angle were reduced [31].

Also, modifying these nanofibers with 1H, 1H, 2H, 2H-perfluorodecalin trimethoxysilane could make more
hydrophobic even superhydrophobic webs (in -2kV or 10kV the contact angle was 153° [32].
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Figure 10 A) 0-20% samples, are water contact angle of the samples (PVDF/GO/TiO2 nanofiber webs with a rGO/TiO2 of 0%, 1%,
3%, 5%, 10%, and 20%). B) The water contact angle of samples and Welch two-sample t-test results (n — 5) [31]. Reproduced from
[5155591390124], with permission from [Polymer].

Mechanical properties

PVDF webs have excellent mechanical properties, but for improving them, doping is helpful. GO, and TiO2 are
brittle materials, but PVDF is a ductile one so, by doping a mixture of both properties (more flexibility because of
PVDF and more strength because of GO and TiO2) obtain but the percentages of each material should be optimized
otherwise the composite got near to brittle or ductile which is weird. Stress-strain curves of rGO/TiO./PVDF webs
(figure 11) showed linear elastic behavior at first (lower than 3wt% nanoparticles) and then showed nonlinear
behavior till failed. It is similar to nonwoven fabrics. The linear elastic step got smaller by increasing the
nanoparticles' concentration, and the nonlinear one got bigger [31].
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Figure 11 a-f) Tensile strain-stress curve of samples (PVDF/rGO/TiO- nanofibers webs) of varying rGO/TiO, concentrations [rGO/
TiO, % = (rGO/TiO, amount/g)/ (PVDF amount/g) x 100%] of 0%, 1%, 3%, 5%, 10%, and 20% [31]. Reproduced from
[5155591390124], with permission from [Polymer].

Stress-strain, force till failure, tension till failure, and yang modulus curves of TiO./PVDF webs are presented in
figure 12. The stress-strain curve showed linear elastic behavior under low strain and then showed nonlinear (usually
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increasing trend) behavior until it failed. It is similar to nonwoven fabrics. Force and tension till failure by increasing
the nanoparticles concentration increased (due to filling the surface defects of the nanofiber by nanoparticles but
after 3wt% reduced because of the adhesion of nanoparticles on the nanofiber surface that made it rigid) despite the
yang modulus, so the best mechanical properties were for the 3wt% nanoparticles [2].
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Figure 12 a—f) Sample a-f, shows tensile strain—stress curve of samples (PVDF/TiO, nanofibers webs) with varying
TiO; concentrations of 0%, 1%, 3%, 5%, 10%, and 20%, respectively. g) Average extension at the break for samples
and Welch two-sample t-test results (n = 3). h) Average load at the break for samples and Welch two-sample t-test
results (n = 3). i) Average Young’s modulus of samples and Welch two-sample t-test results (n = 3). Note: “*” means
p < 0.05, which indicates significant difference exists at a 95% confidence level [2]. Reproduced from
[5155620623948], with permission from [Particle & Particle Systems Characterization].

The focus is on the applications of the PVDF nanofibers such as sensors, photocatalysts, and lithium-ion batteries,
which PVDF due to its excellent properties inter to these field.

PVDF based sensors
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PVDF, because of its piezo/pyro/ferroelectric properties, has application in many sensors. In the following
investigating of some researches in the subject.

Ce*/PVDF nanofibers use in pressure sensors. High pressure resulted in modification of spectral splitting, intensity,
width in half of the maximum of the emission peak, and luminance lifetime. It is enough for applications like
manometers that need pressure calibration [5]. There are some examples of pressure sensors in table 6.

Table 6 Various Lanthanide doped optical pressure sensors [5]. Reproduced from [5155610294699], with permission from
[Sensors and Actuators A: Physical].

Material

Method Merits

Demerits

Optical pressure Sensitivity

Ce* doped
Fluorapatite
Eu®* doped LaAlO;

Eu®* doped Y20,5

BaW04:Ce single
crystal

KMgF3 :Eu?*

Nl:l]'1 IGda SE2G33 0 12
crystal

LaPO./YPO:Yb* —Tm**

SrB;04:5m**
nanoparticles

Cerium nitrate
doped PVDF fiber

Ammonium
Cerium sulphate
doped PVDF fiber

MAem-Centroid shift and
peak broadening

Shift in charge transfer
transition

Shift in charge transfer
transition

Host emission intensity

Change in Eu?* spectral
profile

Change in Nd**
spectral profile

Change in the up-
conversion emission
profile of Tm**
Change in Sm**
spectral profile

Change in Ce* spectral
profile

Change in Ce** spectral
profile

Very high-pressure
sensitivity

High linearity, Simple
approach of using
variation in charge
transfer state

Simple

Singular emission peak

Singular emission,
Suitable for multi cycle
pressure experiments,

NIR P-T sensor in anvil
cells at low
temperatures and from
ambient pressure up to
12GPa

High pressure
sensitivity

Sm**-based contactless
Pressure nano-sensor
allows a very accurate
pressure sensing
(+0.01 GPa)

Singular emission, can
work as low as well as
high pressure sensor,
wide linear dynamic
range

Singular emission, can
work as low as well as
high pressure sensor

Limited to 30Gpa 0.67 nm(GPa

Low pressure 14.4cm~! [kbar
sensitivity, Complexity
due to Multiple peaks

pressure in -
investigations extends

only up to 24 GPa

Not much change in -
spectral profile in
terms of peak position
and width, lower
sensitivity

Low pressure range
upto 30 GPa, issue with
toxic character of
fluorine, issue in low
temperature

Several peaks, limited
to low pressure zone

—0.815cm™ !/ kbar

—8.8cm™! /GPa

Multiple peaks, -
complex phenomenon
Data available for P up 0.24 nm{GPa
to 25 GPa only, lack of

singular emission

Moderate pressure 0.28 nm(GPa

sensitivity

low pressure 0.10nm/(GPa

sensitivity
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PVDF/AUNC hybrid device for recognizing the force and light was used simultaneously. This doping resulted in
higher p phase content and piezoelectric response. The presence of nanocage in nanofibers gave them the ability to
change the light to heat and then into electricity, so a piezo/pyroelectric hybrid sensor resulted [29].

Operation of the PVDF-HFP/(10-20wt%) BTO electrospun nanofibers under the alternative pressure of 20kPa
considering electrical poling and nanoparticle concentration investigated. In the 10-20wt% region, piezoelectric
properties got better, but after that, the nanoparticles' clustering was reduced. In 20wt%, the output voltage, current,
and power were 9.63V, 0.52pA, and 7892.2nW, respectively. After electrical poling, the output voltage, current, and
power results were 11.7V, 20.56pA, and 1115.2nW, respectively, which after rectifying was enough to lighten on a
small LED bulb [26].

Electrospun PVDF-HFP/NiFe204 (with 1,2 and 3wt%) nanofibers resulted in better alignment of dipoles and phase
conversion. In 1wt%, the web had a maximum dielectric constant of 118 in 1Hz that was 24 times higher than PVDF-
HFP nanofibers. In 2wt%, the output voltage was 4V, so that it can apply in piezoelectric devices [23].

PVDF/nano clay (15wt%) nanofibers had 90% electroactive phase and had output voltage and power density of 7V
and 68pA/cm?, respectively [33].

Composite nanofibers of PVDF/2wt% Ce—Fe;0; and PVDF/2wt% Ce—Co3O4 were prepared. Incorporating
magnetic nanoparticles had a substantial effect on nanofibers' structural properties, especially f and y phases of the
polymer and adjusting of interfacial due to the increase of electrostatic interaction of filler-polymer. The outputs
were 20V (0.01pA/cm?) and 15V, respectively, under 2.5N force. Nanoparticle size, filler-polymer interaction, and
ion-dipole were influenced the produced piezoelectric power [34].

PVDF/BiCl; (2wt%) had output voltage, current, and surface power density of 1.1V (4.76 higher than PVDF), 2uA,
and 0.2uW/cm? and could charge a capacitor by a bridge rectifier, and lightening on a red LED [35].

Electrospun PVDF nanofibers followed by hydrothermal producing ZnO (in the form of nanorods on the fiber) were
achieved. The nanogenerator of the resulted web could convert sound (140 Hz, 116 dB) into electricity (1,12V,
1.6pA and 0.2 pW cm2) [36].

PVDF/AgNP (15wt%) nanofibers could increase the electroactive phase and gave the power of 7x10*W to convert
sound to electricity [14].

PVDF/ZnO nanofibers had an output voltage of 4.8V under a wind force of 145Pa [15].

A solution of DMF and THF with different ratios was used to prepare PVDF/NP-ZnO nanofibers, and a lower
concentration of ZnO and polymer and the same ratio of solvents gave the best fibers. By evaluating the effect of
the process parameters, found that in smaller distances, the flow rate should reduce to result in more uniform fibers
without beads or spraying. The maximum output power of the best sample was 32nW/cm? More uniform and
stretched fibers gave higher outputs of voltage and current [37].

Other applications based on the PVDF nanofibers

PVDF nanofibers can be used in tissue engineering and drug delivery. As an example, PVDF nanofibers can be used
in bone repair because of their flexibility and electrical microenvironment. It can be better when they dope with
other piezo materials for example BTO [38].


https://doi.org/10.20944/preprints202111.0380.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2021 d0i:10.20944/preprints202111.0380.v1

Photo-luminance of rare-earth ion Eu®* incorporated as well in polymers such as PVDF and PEO can be used to
produce electrospun nanofibers [3].

PVDF/ Eu** nanofibers have a good emission spectrum because of 5Do to 7F transfer which is responsible in front
of luminance of Erium with a high-intensity ratio (2.61) (the ratio of above transfer to 5D to 7F1) which was higher
than PEO/ Eu®* nanofibers. It is due to the perfect dispersion of Erbium ions in PVDF chains that increasing
interaction between them. The population of ions in PVDF was more than PEO. The application of these nanofibers
is in photo-luminance fabrics and textiles. The presence of PMMA and PVDF in Eu(TTA)3phen complex increased
the sensitive fluorescent transfer intensity of 5Dg to 7F; in the complex due to the effect of polymer on coordination
ions that is the possibility of energy transfer of electrical dipoles that resulted in increasing of luminance with 612nm
peak [39].

Metal catalysts materials with nanostructures and high specific surface area are appropriate for methanol oxidation
reaction as catalysts with application in direct methanol fuel cells. Graphene is a 2D carbonic matter and is the best
matter for platin cells due to its excellent electrical conductivity, high specific surface, and unique properties.
Agglomeration of graphene can block active sites of the catalyst, so it reduces the catalytic activity. Production of
1D nanofibers has been attractive for researchers recently due to their lower affinity to agglomerate, high specific
surface, good thermal stability, and high porosity. Catalysts make more active catalytic sites in nanofibers and
provide active morphological properties, resulting in active interaction with the reactive molecules due to the small
size and interconnected pores. A high specific surface resulted in high dispersion of catalysts embedded in the
polymer matrix [35].

PVDF-Pt-Pd/RGO-CeO, composite nanofiber (decomposition at 490°C) exhibited better thermal stability than
PVDF nanofiber. A significant weight loss was observed for composite nanofiber (55.95wt%) and PVVDF nanofiber
(51.6wt%) at the temperature range of 460-500°C. The residual amount of composite nanofiber was calculated as
23.13wt% that remarkably larger than PVDF nanofiber (0.042wt%) due to the presence of PtePd and CeO;
nanoparticles on the PVDF nanofiber [40].

Despite the advantages of PVDF and their derivatives for the purification of water, they suffer from bacteria
migration due to their high porosity and surface roughness, resulting in the formation of constant layers.
Agglomeration of bio layers includes bacteria and extracellular polymeric materials that they make a bio-pollution
that is water permeable and reduces the efficiency of water purification systems based on webs, so many methods
for engineering the resistance in front of bacteria pollution of fluoropolymer nanofibers for water purification have
discovered. One way is applying antibacterial agents such as silver nanoparticles in or on the nanofibers. These
nanoparticles have good antibacterial activity for a wide range of bacterias which are related to silver ions that
destroy the cell membrane of bacterias and overcomes the membrane activity of enzymes. Discussion is on the strong
keeping of silver nanoparticles in the nanofiber matrix by physical blending. This is due to the excitation of Ag* ions
in the agueous media of the nanofiber matrix, and this antibacterial ability continues for 48 hours [4].

An alternative method for surface adhesion resistance of bacteria is the engineering of nanofibers surface by
hydrophilic modifiers such as poly (ethylene glycol), poly (vinyl alcohol), and zwitterionic molecules. Among them,
zwitterionics have groups of phosphocreatine, sulfobetaine, and carboxy betaine, a promising group of materials to
use in the new generation of bacteria anti-adhesions due to comparable operation of them with other works and, in
some cases, better than hydrophilic modifiers. Their mechanism is unknown; a neutral charge of zwitterionics
absorbs more water molecules due to the high degree of hydrolyzation of the surface that belongs to the reduction
of bacterial adhesion. Among different zwitterionic monomers, sulfobetaine methacrylate (SBMA) has advantages
because of its ability to more polymerization and copolymerization compared to others. Different surface
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modifications such as chemical, plasma, radiation, and flame-retardants exist for designing the surface of
fluoropolymers with SBMA (bacteria resistance agents) [4].

Two kinds of nanofibers are used in a membrane to utilize both anti-bacterial and bacterial anti-adhesion to limit
bio-pollution of the membrane. For stabilizing silver nanoparticles on PVDF-HFP nanofibers and blending SBMA
molecules in polymeric structure for stable exposure to water, electrospinning of two polymers was used to gather
them randomly together. By copolymerization of SBMA with methacryl polyhedral oligomeric silsesquioxane
(MPOSS), a nonvolatile and environmentally safe organic compound resulted. The presence of PMMA made better
spinning ability and formation of evener fibers. Results showed that the membrane under positive and negative warm
bacterial strains for five days reduced the bacterial surface adhesion (90%) that was comparable with other
membranes [4].

Combustion is a process that includes both fluid mechanics and chemical reactions simultaneously. Low attention
was paid to the improvement of heat and the weight transfer rate of Ems recently. A metastable intermixed composite
(MIC) based on Al by energetic metal-organic frameworks (EMOF) with high specific surface area as reactive.
Results showed that MIC increased the released heat a lot (3464J/g). Combustion rate (more than five times faster
than mechanical mixed one) and efficiency improved. Also, the decomposition of EMOF could produce lots of gas
on the surface layer that avoids cooking and pores formation. These pores are new channels for further chemical
synthesis reaction and improved output energy a lot [41].

Lots of anodic materials have been prepared, and their behavior in lithium-ion capacitors (LIC) is important for
reducing non-balance power capacity between electrodes because it has an effective role in the cyclic operation of
LICs. Highly porous leaf-vein-like MnO.@PVDF/TBAC nanofibers were prepared to improve ion conductivity of
matrix and cyclic process. Mno, as a nanofiber shell improved the cyclic process and avoided fast ion transfer
between two electrodes. The nanofibers had excellent thermal stability (to 170°C), 73% porosity, and good ion
conductivity (2.95x10-3S/cm). The resulted LIC had a specific surface of 19.5F/g, a good rate, special cyclic stability
(67.2% capacity after 1000 cycles remained), and high columbic efficiency (near 100%) [42].

Giant growth in the internet of things industry indicates the increasing need for the human to it. Among many
technologies suggested for non-visible communication, the electronic textile is considerable because of its benefits
has application in human health control. To overcome rigid electronics, smart textronics is useful. In this field,
nanomaterials such as nanoparticles, CNTs, and graphene are considerable due to their small sizes [6].

Capacitive strain sensor fabric resulted from the dielectric fabric of PVDF-HFP and conductive PVDF-HFP/SWCNT
fabric. The gauge factor of it was 130, and it had excellent mechanical properties. The resulted morphology was
appropriate for superhydrophobic fabric and better thermal and electrical conductivity that they are good for
wearable heaters and heat waste screens [6].

Chargeable lithium-ion batteries have increasing attention for electronic devices and electronic vehicles. In addition
to increasing energy density of lithium batteries is limited because of safety problems due to the formation of unusual
lithium sediment during repetitive charge/discharge, which causes lithium dendrite formation that has
combustion/explosion risk. Solid electrolytes are promising alternatives for liquid ones due to their excellent
mechanical properties (good for under pressure, cleaning uneven sediment of Li, and delay the formation of dendrite)
and wide electrochemical stability. In addition to nonorganic ceramic solid electrolytes, polymeric ones are
interesting too. Polymers like PVDF mix with Li salts but their low ion conductivity is a problem, so approaches
like crosslinking, using two block copolymers, usual plasticizers, and adding ceramic fillers are given [43].
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PVDF-HFP/LITFSI/LLZO electrolyte prepared, and presence of 10wt% LI1ZO nanofiber in it helped the ion
conductivity that was due to designing continuous transfer paths for Li-ions. This electrolyte had excellent
mechanical properties that resulted in stopping lithium dendrite growth. It had a good electrochemical range (5.2V
vs. Li/Li*), profitable cyclic operation, and rate [43].

Designing separators resistant to high temperature has an increased delivery ability, and high charge/discharge is
necessary for high-performance lithium-ion batteries. Melt electrospun PVDF nanofibers followed by magneto
sputtering prepared (Al.03/SiO2/PVDF, Al,O3/PVDF, and SiO2/PVDF). Among them, Al.O3/SiO/PVDF had
excellent thermal stability (without shrinkage up to 130°C and destroyed in 445°C) and 340% electrolyte uptake.
The presence of  phase and polar ceramic nanoparticles gave high conductivity eight times higher than commercial
PE. These webs had good discharge (161.5 mAh/qg), rate after 100 cycles (84.3%), capacitive in high intensity was
8C (49.8% better than commercial web) [9].

Photodegradation of rhodamine B PVDF/TiO; (0-20wt%) under visible light investigated. In 20wt% 80% of
degradation in 6 hours under 546nm resulted. The color changed from red to orange, then to yellow, and finally to
colorless yellow (complete degradation) by degradation of pollutants. For estimating the degradation rate, the
reaction constant was calculated [2].

A tree-like web of helical like PVDF/MWCNT nanofibers followed by hydrothermal growth of MnOx (these
increased specific surface area) used for dye degradation under natural sunlight radiation. This catalyst had an
excellent activity for various dyes under sunlight and even darkness [44]. Table 7 gives a comparison of the reaction
rate constants of some works.

Table 7 Comparison of the reaction rate constants of some works [44]. Reproduced from [5155621030868], with permission
from [Journal of Alloys and Compounds].

_ Degradation time | The reaction rate constant

Catalyst Irradiation source ; S

(min) (k, min™)
MnOx@PVDF/MWCNTSs Sunlight 20 0.17
Mn304-MnO; Visible light 60 0.0456
HNTSs/6-MnO- Sunlight 60 0.05526
Mn3O,4 nanoparticles uv 25 0.0757
Co-doped a-MnO- nanowires Room light 30 0.122

Materials with photothermal ability are fascinating due to using light energy. (GO)/Bi,Ss-PVDF/TPU nanofibers
with (GO)/Bi.Ss part as photothermal part prepared. The maximum light absorption of the web was about 90% in
400-2500nm. In the 300s, temperature changing due to the radiation was too fast and intense, and the equilibrium
was 81°C [45].

In the PVDF/CNT membrane due to the presence of interfacial polarization due to the piezoelectric CNT improved.
High specific surface made lots of sites for sound waves contact. It resulted in more sound absorption in the medium
frequency region with a vibration/friction mechanism. Without CNT, the absorption resulted in a low-frequency
region. Results showed that acoustic foam with PVDF coverage is a good sound absorber in low to medium
frequencies [46].

Electrospun PVDF tree-like nanofiber web prepared. Results showed that this morphology reduced the pore size,
narrowed the range of pore size distribution, and dramatically enhanced the specific surface area, so it had excellent
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filtration performance. The filtration efficiency with the basis weight of 1 g/m? to 0.26 um NaCl particles was (almost
100%), and the pressure drop was 124.2 Pa which was comparable to the ultra-low penetration air filters [47].

PVDF nanogenerators

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer with cheap, high mechanical, and excellent piezoelectric
properties. Piezoelectric properties correspond to the presence of the B phase in PVDF, which increases by processes
like electrospinning (ES). One of its applications is in sound nanogenerators which convert sound to electricity by
piezoelectric effect and have applications in microphones and earphones. Parameters such as nanofiber production
method, layer properties, polymer or copolymer, surface area, testing conditions, and polymer composite are
effective for nanogenerator outputs. This review attempts to scientifically review PVDF sound nanogenerators,
enhancing their results, and studying how to apply the electrode. The best kind of electrode wants to enhance its
outputs. Among fiber synthesizing methods, the focus is on electrospinning because of its advantages compares to
other methods. In-situ synthesis of Ni nanoparticles introduces as the best way to applying the electrode according
to studies. It is the best in stability, cost, corrosion, and conductivity. To enhance electrical current output, the
interdigitated electrode is the best of all. Results of this review are useful for investigating the effect of electrode
applying method, kind of the electrode, and adding additives to nanofibers.
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Electronic textiles are important subjects in recent years, which many articles on this subject have
been published. In this review, the regard is on the piezoelectric nanogenerators that are sound to
electricity converters. In following importance and place of this subject and its significance is
discussed.

Electrospun nonwovens, due to their advantages, have application in many fields [4]. Other
methods like centrifuge spinning [5], solution blow spinning [6], and so on have developed
recently because electrospinning needs high voltage and, in most cases, toxic solvents [5].
Mesoporous nanofibers increase the nanofibers' specific surface area [7] that can enhance
properties, especially sensor sensing.

Today, small, environment-friendly, and flexible electrical energy suppliers are a challenge. A way
for that is using suppliers with Thermo/pyroelectric [48], piezoelectric [49], triboelectric [49], and
dielectric [50] properties. For energy conversion, many research works have been done that have
used body movements [49], breath [48], wind blow [48], sound [51], and water pressure [49].

In the following, acoustic, the electrode applying method, piezoelectric nanogenerators, and output
enhancing methods are discussed.

Acoustic

Acoustic is studying of mechanical waves in gases, liquids, and solids. Acoustic devices have been
developed in phone communication, ultrasound medical tests, human and computer interaction
systems, and other fields. Sound waves have sound pressure, frequency, speed, and direction [51].

Metals and semiconductors are used in acoustic devices, but for high-efficiency flexible
applications, nanomaterials (such as CNT, graphene, and metal nanowires) are good because of
their flexibility, wearing, and sporting ability, and usable underwater [51]. Piezoelectric materials
like PVDF have been used in acoustic devices recently, and their best structures in this field are
electrospun nanofibers which can sense sound from low to medium frequency. PVDF nanofiber is
the bests for wearable sound nanogenerators, which were introduced by Lang and coworkers for
the first time [20]. PVDF film could detect sound, but it had a lower piezoelectric effect [22].

Studying sound includes producing, propagation, receiving, and vibration. A sound producible
nanogenerator under alternative light or electrical current (AC) or coupling AC with direct
electrical current (DC) produce heat which makes periodic temperature changes in surrounding air
than by contraction and expansion of the air the sound produces (this is a photo or thermoacoustic
model). After propagation of the sound, sound detectors detect it and can produce electricity with
piezoelectric effect in piezoelectric sound detectors, and the produced signal can send to the
processor [51].

Some flexible and transparent generators, such as the ones based on single-layer graphene or CNT,
can use as loudspeakers for LCDs and touchable plans for replaying sounds and images [51].

do0i:10.20944/preprints202111.0380.v1
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In 2018 transparent and conductive hybrid nanofilms of orthogonal silver nanowires were used as
microphones and loudspeakers [52].

Attention, converting sound to electricity and vice versa is a phenomenon in nanoscale due to the
spin conventions in this scale. Spin is an intermediary of different energy conversions like
mechanical (like sound), electrical, thermal, and light to each other [53, 54].

Earlier microphones were liquid-based or carbon-based, but they did not have enough quality, so
the next generation of microphones has come. They are in 3 categories, including dynamic,
piezoelectric, and condenser ones. Old microphones were from metals and semiconductors, which
were not flexible and stretchable, so nanomaterial came into the scene [51].

In front of stretch, physical properties (like resistance, current, and voltage) of sound detectors
change. For example, as a high-sensitivity strain sensor with a wide range of sensitivity, graphene
could detect human throat movements. Still, its very low sensing rang lower than 0.1% could only
detect low sound [55]. Graphene can be used as a component in graphene/PVDF nanofiber that
could increase sound absorption, compare to PVDF nanofibers by increasing specific surface area
between sound and nanofiber, absorption increased in the medium frequency region by increasing
friction of sound with PVDF. This composite can decrease absorbent frequency due to the
reinforcement of PVDF with graphene [51].

Today, challenges in acoustic nanomaterials are producing them with enhanced specific surface
area and conductivity and lower costs, so new methods like 3D printing come into the scene. Also,
increasing new acoustic nanomaterials like black phosphor is a challenge too. Another case study
is based on the response time and stability of the sound detectors. These acoustic devices with a
flexible and biocompatible substrate can attach to human skin as earphones, microphones (like a
smartwatch), and artificial throats [51].

Integrating a microprocessor in an artificial throat is a challenge because, after sound sensing, this
microprocessor controls the artificial throat to propagate sound [51, 55].

Park and coworkers in 2011, for the first time, used PVDF film as a microphone for cochlea
planting [56], and later used by Park and coworkers [57], but a better one is to remove the planting
step and use Ghafari Bohloli’s audio wristlet [58]. Table 8 gives some examples of acoustic
devices.

Table 8 Some examples of acoustic devices.

device Structure operation application | source

Produce sound from

earphone | A rectangular :
received sound

film with

[51]
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electrodes on

the sidelines
: Converting sound to .
microphone verting sou . Smart devices [51]
electricity
: . C ti dt Cochl 56
microphone film PVDF | O vering sound 1o | wocneany ]
electricity implantation [57
P(VDF-TrFE) . .
: _._ | Converting electricity
Film with
screen  printed to sound (up to 90dB
loudspeaker PSS -PEDOT and by two [59]
aqueous  ink loudspeakers array up
a to 960B)
electrode
loudspeaker PVDF film 70dB loudspeaker [60]
Mobile  charging
during conversation
The first microphone ZnO . and sound
. .| Converting sound to | . .
from the piezoelectric . .. | insulation  walls
: electricity . [61]
nanogenerator nanowires near highways and
using the sound of
passing vehicles
Converting sound to
lectricity with
_ G/P(VDF- electricity with output
Microphone and G /(TrFE voltage and current (62]
loudspeaker density 3V and 0.37

multilayer film

HA/cm2  respectively
and vice versa
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Produced | Converting sound to
The first | graphene from | electricity and then

: . . i ,51

multifunctional | polyimide and | produce sound by Artificial throat [55]
acoustic nanodevice | reduced  with | helping a
laser microprocessor

Strain  sensor and
Laser reduced

Strain  sensor and roducing sound with
graphene and P 9 . Artificial throat [63]
loudspeaker the  thermoacoustic
PVA substrate effect

Researches are focus on nanomaterials and nanotechnology to develop an acoustic device with
new mechanisms like thermoacoustic sound generators based on graphene, CNT, silver nanowires,
and ITO due to high transparency, low thermal capacity, flexibility, a wide range of frequency,
expensive, low performance and complicated producing process. Piezoelectric sound detectors
have a low performance for detecting throat movements. Piezo-resistant materials for detecting
sound encapsulate in PDMS or ecoflex, so they can’t release heat in the air and be loudspeakers
because their sensitivity for sound is low. For the first time, an artificial throat can be as a
microphone and loudspeaker, and this was due to the special pores in the graphene, which help the
loudspeaker to detect sound despite other graphene loudspeakers [55]. Like this work, Wei and
coworkers produce artificial throat, but they use graphene layers one as a microphone and one as
a loudspeaker, and PV A substrate is used to help the device's flexibility [63].

In 2017 effect of a kind of electrode for sound detectors of PVDF film was investigated. Al or Ag
sputtered and graphene from CVD used as electrodes and produced pick-to-pick voltage of 9.1V
under 2.18MPa tension and 7.6V under 1.75MPa, respectively [22].

Ferroelectric composite PVDF/rGO film could have higher piezo/Ferro/pyroelectric properties
than PVDF film [64].

Therefore, maybe PVDF/G nanofiber can produce and detect sound in one device. PVDF can
detect noise, but graphene can detect lower sounds, so they can not disturb each other’s work. Up
to now, sound production from PVDF nanofibers has not been reported.

Electrode applying
For electrode applying conductive materials use, so we first explain them.

Conductive material with enough conductivity, mechanical properties, safety, and stability that
does not affect textiles' operation is essential [65]. Table 9 compare different conductive materials.

In recent years nanostructures of metal derivatives with small sizes like nanosheet/particle/wire
have been attractive in wearable electronics. They have good banding with a textile substrate,

do0i:10.20944/preprints202111.0380.v1
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although their high specific surface can enhance energy and surface tension. Sputtering, electroless
plating, and screen printing are the method to apply them on or in textiles [65].

CNT and G are attractive for researchers in wearable electronics. Still, low dispersion of them due
to their nonpolar nature is a limitation but GO, due to oxygen groups on its surface can dissolve
easily in polar solvents such as water and ethanol. By chemical or mechanical reduction, their
conductivity enhances [65]. Graphene, due to its fast temperature gradient because of special
flexibility, high thermal conductivity, and very thin thickness, are good for piezo/pyroelectric
nanogenerators.

The best way to overcome these limitations is to use hybrid electrodes that combine two or more
conductive materials to have the advantages of each material in one electrode [65, 66].

Table 9 Gives a comparison of different kinds of conductive materials [65]. Reproduced from
[5155621227281], with permission from [Advanced Materials].

category examples advantages disadvantages

Using a lot in
high .engineering | low ,Incompatible
high ,conductivity | ease of flexibility
Metals and their | ,semi-conductor ,alloy ,Metal mechanical | oxidation and
derivatives nanoparticles/wires/sheets | high Jproperties | high ,corrosion
recovery ,Stability | ,weight and volume
,world access ,ability | and low production

and simple process

low ,High flexibility
solution ,weight | ,Relatively high cost
. ) ease ,processability | variet of

Conductive | ,PANi ,PSSIPEDOT :PEDOT P Y Y .
corrosion- ,of control | low ,production
polymers and pp ,Pfu ,PPV ,Pac ,Ppy . .

and ,resistant | and ,conductivity
excellent mechanical stability

and optical properties

,High aspect ratio

: ,nanoporous structure

carbon particle or ,Carbon black _p . cces
. special  mechanical | Difficult  structure
. carbon ,CNT Jiber | .
Carbon fillers . . high ,properties | control and low
scarbon aerogel micro/nanofiber electrical and thermal dispersion
and G/GO/rGO . P
and ,conductivity
ambient stability
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Liquid electrodes

Liquid metals like Egaln and
liquid electrolytes like NaCl

and

and

high electrical

,Soft
thermal N
... | ,oxidation  ,Heavy
,conductivity ) )
... | toxic Lexpensive
,Stretchability
- and leakage
JSflexibility
flowability

Wu and coworkers divided stretchable electrode material into three groups [66] as in table 10.

Table 11 gives the method for applying electrodes. However, due to different curve structures,
non-even surface morphologies, and complications of materials properties, a good combination
between conductive materials and textile systems is difficult [65].

Table 10 electrode examples.

diffusion nets

Electrode category Electrode | conductivity explanation | source
the ,High transparency
. mechanical strength of
based on CNT in PDMS SWCNT 2000S/cm* I g [66]
and good ,350Mpa
elasticity
Ag nanowires on the
Based on A
291 surface of the PDMS | 8310S/cm [66]
nanowires
layer
337! (small
. Graphene and Ag ( 94% transparency and
hybrid electrode . change after . [66]
nanowires 100% stretchability
stretch)
Allow to
simultaneous | 8uA/cm~2 under .8V and 0
Based on graphene Graphene (CVD) charge | 0.083-0.271 bending [66]
transfer  of stretch
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electricity production by
the piezoelectric effect of
PVDF film and sound [67]
production by Ag

nanowires

Dip coating by Ag
Based on  Ag | nanowires (prepared by

nanowires | solvothermal) dispersed
in ethyl alcohol

Enhancing pyroelectric
effect of PVDF film (under
IR radiation) due to high [69]
thermal and electrical

conductivity

Screen  printing  of

Based on graphene graphene ink

Table 11 different electrode applying methods [65]. Reproduced from [5155621227281], with
permission from [Advanced Materials].

methods categories advantages disadvantages

. using a lot of ,Time-consumin
and for every ,fast ,Simple g g

casting . . . solution and low mechanical
size and both sides coating .
properties
The most simple method for
plating | high Jfilm formation Uncontrollable thickness

coating and cheap ,efficiency

Relatively low speed and for the
solution with high crystallinity
percent

The accurate thickness and

Doctor blading low waste

and ,even ,Simple | Surface coating without any

Spin coatin )
P g reprocessing pattern
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methods categories advantages disadvantages
o . . . L ductivity and d and
Wet spinning High mechanical operation oW conClctivity anc speed dn
need solvents

a great ,Fast solidification
Dry spinning | and ,variety of raw materials | need solvents with high volatility

Spinning  (the application
main  method Needing  high  temperature
for yarn _ or high speed ,cheap ,Simple | ,difficult to produce fine fibers
fiber Melt-spinning | and no ,and no solvents | needing polymer with melting

production)

danger to the environment

and needing special ability
machinery

electrospinning

,high aspect ratio ,Easy
and ,controllable pore size
special mechanical properties

Needing high voltage and for the
small area

,Low performance and stability

Electroless . . . . L
latin High conductivity | and time- ,high production limit
pating consuming
plating Thermal | Hard, anti-corrosion, stable, .
. . Needing lots of space
deposition | and scratch-resistant
. ,High speed and production | High cost and low target
sputtering . e
even and better adhesion utilization rate
. . ,Low  mechanical roperties
Fused deposition | high speed and ,Cheap brop
. . and ,layer-by-layer appearance
modeling simple .
_ low quality
Printing  (for
i - simple, easy, and not | Limitation for a solution with
high | screen printing P'e, y o .
production and expensive high viscosity and low volatility
reduce surface | nkjet printing High accuracy | Not high speed
complications) ] i
For high production and . .
Roll-to-roll - Needing process with constant
. complication of structure and .
printing slower and higher cost ,pressure

pattern

intrusion

Liquid intrusion

Very flexible and stretchable

Just for liquid electrodes and ease
of leakage

Flow coating is for one side coating or coating different sides with different coatings. Spin coating
is for devices with symmetrical and almost smooth shapes. Both of them have limitations for
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devices with a hole, bulge, or surface irregularity but roll coating widely uses for applying a thin
layer on different substrates. However, this method is not for low production and curved shapes
[65].

Gel-spinning is a kind of spinning method which uses a soft gel to achieve high strength or other
unique properties [65].

In plating, the surface is coated with one metal. In electroplating, the metal is on the anode, and
the material is on the cathode. Both of them are floating and connected with an electrolyte solution,
including metal salts or dissolved ions. They are connected to an external power source to produce
an electrical current, which transfers metal ions to the cathode. In electroless plating, an electrical
field is not required, and according to redox interaction, metal ions in the chemical bath with a
strong reducer reduce to metal and then deposit on the surface of the material with any geometry
and complicated shape [65].

Other printing methods are gravure printing, flexographic printing, and offset printing. Moreover,
printing with low raw material can produce a lot of output, reducing the costs a lot. This method
is a cost-effective one for making electrical systems on a large scale [65].

Conductive materials can place in/out of material or can blend with it homogeneously or by spiral
cladding can apply to them [65].

Conductive fabrics can achieve by in-situ synthesis, which is a kind of electroless plating, and by
the in-situ synthesis of nanoparticles, the cost reduces. In table 12, some examples of electrode
applying are written.

From comparing three articles of in-situ synthesis according to table 12 by compositing graphene
and silver [69] instead of graphene alone [70], the electrical resistance reduced (from 35.7 Q.cm
to 3.8 Q.cm and 9.3 times higher conductivity than graphene) and by copper nanoparticles reached
0.5 Q.cm (7.6 times higher conductivity than graphene and silver composite), So the presence of
metal can enhance conductivity. Therefore, composting is an effective way to achieve advantages
of both metal and graphene that is following the results of source number 67.

One of the problems of metals is corrosion. Gold and platinum are noble metals, but they are
expensive, and copper with low cost has high corrosion ability, so the best one is nickel, the anti-
corrosion agent of stainless steel that has a reasonable price. In some cases, the coating of nickel
is applying to the copper. Then nano/micro-roughness is used to enhance anti-corrosion by making
a superhydrophobic surface [71]. In another work, it used a coating of graphene to improve
electrical conductivity anti-corrosion of stainless steel [72]. Self-healing nanofibers coating or
other anti-corrosion coatings can use too. Some examples of different electrodes are presented in
table 12.
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Electrode sourc
electrode substrate Electrode applying method conductiv .
ity
Silver glue ink on . o o I
Inkjet printing with interdigitated
the substrate of Electrospun PVDF at':ernp g g [73]
PET P
SWCNT/PVDF- solution blown Solution blow spinning with
3.1kQ/sq | [6]
HFP nonwoven PVDF-HFP Wswent/Wevar=0.6
GO and GO/A . In-situ synthesis with heat and 0.26
. 9 | fabric PET It SYRENESIS Wi [69]
solutions hydrazine Slcm
In-situ *synthesis of sn®
. 0.028
rGO fabric PET as cross-linking agent and *and sn®> | s/cm [70]
reducer
Copper _ fabric PET click electroless plating of copper 0.5Q.em | [74]
nanoparticles acetate salt and hydrazine

Piezoelectric materials

In 1880, Pierre Curie and Jacques saw a phenomenon when studying the quartz crystal properties.
Under force, a wafer that produced positive and negative charges on the electrode on the wafer's
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surface and by removing the pressure the charges disappeared, this is piezoelectric effect. Many
of the materials like ceramics, composites, and polymers have these properties [51].

Comparison of piezoelectric materials

Piezoelectric materials are divided into two groups piezoceramics and piezopolymers. Between
piezopolymers, PVDF is a semicrystalline polymer with five different crystalline phases. Among
them, the B phase has high importance in high polarization and piezoelectric sensitivity, increasing
this phase is important. PVDF-TrFE has advantages comparing to PVDF, including ferroelectric
property, actual Curie transition temperature, and high electromechanical coupling coefficient.
Due to flexibility, ease of the process, good chemical resistance, excellent biocompatibility, and
mechanical strength, these two polymers have been widely used in piezoelectric textiles [65].

A comparison of piezoceramics and piezopolymers is presented in table 13. Piezoceramics have a
higher piezoelectric constant but lower flexibility compares to piezopolymers, so one way can be
using them in a hybrid material. Although both of them can have nanowire/fiber/tube/sheet
structure and due to nanostructure, the piezoelectric effect, flexibility, mechanical properties, and
sensitivity enhance [65].

According to table 14, it seems that finding an alternative for PVVDF has been critical in recent
years. Maybe a new way is melt-electrospinning PP because solution electrospinning of it due to
not having a solvent is impossible. One limitation of melt electrospinning is its higher diameter
[75], which can be solved by adding additives such as NaCl that can reduce the diameter to 400nm
[76] and then solve the salt porous nanofibers achieve which is another way to enhance the output.
Also, the electrospinning of PLLA is promising too, but this polymer's solvent is more dangerous
than PVDF, so the melt electrospinning of this polymer is more common.

Table 13 comparing piezopolymers and piezoceramics [65]. Reproduced from [5155621227281],
with permission from [Advanced Materials].

category Main types advantages disadvantages

ZnO, PZT, BaTiOs,

- Higher pi lectri
PbTiOs, KNbOs, 'gher piezoe ectrlc Mechanically brittle,
constant, special heavvweight
piezoceramics LiNbO3, LiTaOs, energy  conversion . YWeIght
. . poisonous, low
efficiency, and high e
Na;WOs, GaN, CdS, durability

strength
InN, PbZrOs, ZnS
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: Inherently flexible,
Inherently flexible, nherently eXI. °
easy for processing easy for processing,
i67000IVMers PVDF and its polymer adequate ' | adequate
p1ezopoly PVDF-TrFE, PA-11, PP q . mechanically robust,
mechanically strong, .
e and intense
a strong sensitivity L
sensitivity
Table 14 piezoelectric output of other piezopolymers.
Advantages compare to outout Production sample source
PVDF P method P
h high hanical Mel
Croeaeﬁfirés Igar(?;I miieamn:zjll 2.8pJ/s eleec:ros inn PPIMWCNT [77]
Prop <P . P 0. 1wtoe)
resistant ing
84.0£22.8mV/ | Foam PP with  2mm 78]
N formation thickness
. . Film .
Likely to PVDF film 0.064V.m/N . PLLA film [79]
formation

Mechanisms of piezoelectric nanogenerators

An easy way for making piezoelectric nanogenerators is a metal/isolator/metal structure including
a piezoelectric isolator layer which sandwich between two metal electrodes, so by applying
pressure, the ions produce and flow from the outer circuit. After releasing a current with the
opposite sign, the resulting current is a conventional AC. Interestingly, if the connected vice versa,
the current and voltage reverse [9, 65].

Piezoelectric nanogenerators are divided into three categories:

1. Based on asingle fiber

2. Based on fabric which overcomes the number limitation and low specific surface of the
first category, so result in a higher output signal

3. Hybrid ones to have higher output.

As a result, nanostructure surface and hybrid piezo-materials are the ways to have higher outputs.
Protecting from the effective surface like encapsulating polymer for improving mechanical
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properties and stability for piezoelectric nanogenerators with nanostructures is necessary. Different
raw materials, conditions (like force, frequency, and contact area), and geometrical size,
comparing various works' output is difficult [65].

Increasing current density of nanogenerators

In comparison to triboelectric nanogenerators up to now, piezoelectric nanogenerators had lower
outputs. Still, they are more stable in humidity and dust, so increasing their output up to
triboelectric nanogenerator's outputs can be the most powerful microscale power sources [80].

From the invention of the first piezoelectric nanogenerators made from ZnO nanowires in 2006
which deformed by the tip of AFM, many kinds of research have been done to increase their output
voltage to hundreds of volts which is enough to power most electronic devices of human daily uses
but the current output still is small that is a limitation for developing piezoelectric nanogenerators
[80]. Methods to increase the current output of piezoelectric nanogenerators are listed in table 15.

According to the merits of PVDF, this polymer has been studied more. In the following
investigating of PVDF, nanofiber formation is the aim by focusing on electrospinning. But
recently, other methods like solution blown spinning (which uses compact air force to thin the jet)
[6] and melt electrospinning [84] have been developed due to limitations of electrospinning
(requiring high voltage and organic solvents). In 2013 needless electrospinning was used to
enhance piezoelectric output, which had the application in cooling textiles [85].

Electrospinning contains four steps:

Charging liquid droplet and forming Tailor cone (jet formation);

Jet thinning in a straight line;

Jet thinning in an electrical field and increasing bending instabilities;

Solidification of the jet on the collector in the form of fiber [86].

PVDF piezoelectric nanofibers properties investigation

Investigating and corporation of PVDF nanofibers have been attractive in recent years, and
for improving their properties, doping with different compounds like (small
molecules/polymers/nanostructures) is a good way. Although the nanofibers' morphology
can change by controlling the production parameters, this is critical to enhancing material
properties. For example, nanofiber morphology is effective for piezo/pyro/ferroelectric
properties because diameter reduction due to more drawing can increase 3 phase formation

[9].

ok wbdpE
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Table 15 increasing current output methods.
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Current density and further Increasing  current  output
. . Layer and electrode source
information methods
- . . Choosin iezoelectric
Designing the device for radial, | _. : . . J . b .
vertical and wide intearation of Piezoelectric materials | materials with high [80]
nanomaterials g with electrode piezoelectric effects like PVDF,
Zn0O, GaN, PZT, and BTO
Thin PZT film with | . -
150pA/cm? . ! . m Wi interdigitated electrode [80]
interdigitated electrode
: . 3D intercalation electrode (to
290pA/cm? 1.93) times higher >0 ! ! (
than 150uA/em? and 1.6 times SM-PMN-PT improve  charges  surface
: H . .| NW/PVDF with 3D | polarization by  formation | [80]
higher than triboelectric . g .
) electrode common interfacial boundaries
nanogenerators (180pA/cm?)) . . . .
in the piezoelectric material)
interdigitated electrode _
! _|g| . Sandwiching the layer between
. (helping to higher . .
Improving output . . compton films in the form of | [81]
volumetric density) for wave
P(VDF-TIFE)
0.079Vm/N  sensitivity and
higher strength and flexibility | Electrospun PZT | interdigitated electrode from | [82] and
from the bulk form and higher | nanofibers with | Au/Cr to be in line with | similar to
piezoelectric effect from PVDF | interdigitated electrode | nanofibers [83]

nanofibers

Methods to improve the piezoelectric properties of PVDF include:

Polymer blending [13]
Heat annealing [10]
Nanoconfinement [10]
PVDF copolymers [10, 20]

aokrwbdPE

Electrospinning (drawing and poling Simultaneously) [9]
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6. Additive addition BTO [10], Ce**/G [11], MoS; [12], Ag [14], ZnO [15], GS [87], Pt [17],
ILS [1] and TiO2 [9] (by adding additives with negative or positive charges due to negative
charge of CF, and positive charge of CHa, nucleating the B phase increases [19]).

7. Increasing the specific surface area

8. Hybrid devices

9. Device properties like layer thickness.

For investigating the piezoelectric properties, PFM is useful for measuring the piezoelectric
constant [10], but nanofiber diameter and crystallinity information is helpful. FESEM can give
nanofibers diameter. XRD provides the crystallinity percent of each phase of PVDF [59], and FTIR
shows that which phases [15] and materials are present in PVDF. But the best way is to measure
the piezoelectric outputs directly by applying pressure (sound/wind/weight pressure) to the sample.

For increasing the output of piezoelectric nanogenerators, enhancing the  phase content is a way
investigated in previous sections but in the following other methods introduce too. Then a review
of PVDF nanofibers acoustic nanogenerators enhancing output methods is the subject. This
enhancement is significant for practical applications.

Increasing specific surface area methods

Increasing specific surface areas can achieve with the methods that include porous nanofibers,
penetrated electrodes, and nanostructures forming on the surface by plasma treatment. Increasing
specific surface area can achieve with Altera thin nanofibers too but up to now, no one has
investigated this way. Signs of these nanofibers are in SEM images of nanofibers of source number
2 which can investigate their effect in further studies.

Many physical and chemical modifying electrospun nanofibers exist for achieving porosity and
pore size. Usually, electrospun nanofibers have a solid structure, but if pores form in/on them, the
specific surface area increases a lot [88]. Nanofibers porosity is controllable with changing
density, size, form, and pores distribution [86]. Thermal treatment also can make porous structures
in carbon fibers and ceramic fibers by removing one part [89]. In table 16, different porosity
formation methods are listed.

Table 16 pore formation methods in/on nanofibers.

. Porosit formation
Method explanation 4 source
method

Phase separation
between polymer and | [86]
solvent

jet partially fast freezing by fast evaporating of very volatile
solvent or collecting nanofibers in the liquid bath
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nanofibers

one phase

. Porosit formation
Method explanation Y source
method
Vapor phase separation (usually, with electrospinning in | Phase separation
high humidity, the water molecules in the air works as | between polymer and | [90]
nonsolvent) and liquid phase separation nonsolvent
Jet with triple-phase separation due to difference between | Phase separation of the
volatility of solvent and nonsolvent (by changing ratios of | liquid section in [01]
this system) and pores form by changing relative rates of | polymer,  nonsolvent,
solvent/nonsolvent, controlling of phase separation dynamic | and solvent system
Phase separation between polymer and nonsolvent due to .
. i . . ) Collecting the
residual solvent in nanofiber by receiving nanofibers to . )
. . _...... | nanofibers in a | [91]
nonsolvent bath and pore formation due to miscibility
nonsolvent bath
between solvent and nonsolvent
Washing small molecules (like salt), block copolymers,
olymers from nanofibers, or calcinating (the best wa .

Poty . g ( L y Selective removal of
because pores formation by solvent evaporating is time- . [86]
. . .. i one phase of nanofiber

consuming and sometimes is impossible to remove one
phase completely)
Controlling porosity by adjusting the ratio of two phases in | Thermal degradation of [89]

In table 17, examples of other increasing specific surface
devices) are listed.

area methods (plasma and hybrid

Table 17 plasma and hybrid devices as methods to increase the output.
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Output after Increasing
. . Method
applying the | First output . output layer source
explanation
method method
For a layer ) Electrospun P(VDF-
. . Usin hase
with ~ 45% | For its film . Iari\tion P Porous TrFE)/DMF (18]
porosity 21V | 2-3V dis cam nanofibers | (solvent)/water(non-
and 21.1pA g solvent)
3 times
. Electrospun
higher ) .
iezoelectric Porous nanofibers in 60%
P .. . relative humidity and | [92]
coefficient nanofibers neqative voltage
and 06 o?arization ’
HW/cm? P
Cactus like POroUS Electrospun
1V increased morphology and . nanofibers in 62% | [93]
.| nanofibers . .
super hydrophobic relative humidity
Increasing contact Electrospun
125nA and | ond conductive Penetrated | BTO/P(VDF-TrFE)
25.6nA and | 34.8pC electrode | by the sandwiched
-op ways and [10]
118pC .| (02 electrode and
superhydrophobic L
plasma) encapsulating in Pl
layer
tape
Increasing
Increasing a adhesion between | Plasma
'ng ! W Electrospun PVDF [94]
lot electrode and | treatment
layer
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Layer’s properties such as thickness, nanofiber diameter, bead presence, web area, presence of
hole(s) on the electrode to increase the contact of sound with layer and polymer type effect on
piezoelectric output.

In 2015, the effect of electrospinning parameters and polymer solution concentration on increasing
the B phase content and electrical output was investigated. The B phase content rises by reducing
nanofiber diameter, and there is an optimum thickness for the layer to get the best result [95].

Lang and coworkers in 2016 have electrospun PVDF nanofibers. The optimum diameter was
achieved because low diameters had beads and high ones caused lower outputs. The resulted layer
is sandwiched between two gold-sputtered PET films with five times higher sensitivity than PVDF
film. In 320Hz with 115dB, 3.1V received and above 100Db remove noise. In 60-90Db, the output
was 1.2-245mV. Forming a hole in the middle of the electrode and increasing the web area resulted
in higher sensitivity. By increasing the thickness up to optimum thickness, this trend saw too as
well as for increasing nanofibers alignment, nanofiber diameter reduction, and using copolymers
(for P(VDF-TrFE) 750mV/Pa in 100dB) [20].

In this group's next work, increasing the numbers of the holes caused higher outputs, and they
proved that using this nanogenerator avoids corrosion in stainless steel in the process [96].

Another way to increase the nanogenerator's output is to place it on the curved shape surface (in
the form of half-cylinder), which causes increasing the surface area and this increasing dependence
on radius and cylinder angle investigated for PVDF film [97].

Bending layer of PVDF nanofiber under 70° with only one electrode (with the advantage of do not
have short circuit problem) of ion sputtered which encapsulated in Al foil used for thief-catcher
[98], so we can conclude that maybe bending nanofibers is a way to increase the output.

Acoustic nanogenerators increasing output methods

In 2016 electrospun PVDF/MoS: nanofibers were prepared, and the diameter compared to PVDF
nanofibers decreased. By decreasing the diameter, crystallinity, strength, mechanical properties,
and piezoelectric effect increased. The presence of nanosheets by decreasing o phase nucleating
caused higher B phase content. Under 6.6Pa, the output voltage was 2.5V and the layer was
sensitive up to 0.61Pa, and under 8.8kPa the voltage was 14V which could turn on 8LEDs. In

do0i:10.20944/preprints202111.0380.v1


https://doi.org/10.20944/preprints202111.0380.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2021

do0i:10.20944/preprints202111.0380.v1

90DB, the voltage was 12V, and the open-circuit current was 2nA. The maximum amplitude was
in 100-150Hz, and the sensitivity was 19V/Pa. Three capacitors with rectifier bridge circuit with
9V in 44s charged and its power density was 671Mw/m? but for one capacitor was 671Mw/cm?
[12].

In 2019 Ghafari and coworkers electrospun PVDF nanofibers (a method for increasing the output).
PET substrate is used to apply ink. For making a sensor, IDE is used. For depositing Ag electrode
Diamtix inkjet printer was used. For the ultrasonic test, a PZT piezoelectric converter and a PVDF
layer receiver were used. The resulted nanofiber had a 75% [} phase. By reinforcing receiving
signal, no giant change in performance saw but was effective for receiving the signal. The
performance had an inverse relation. The performance was constant up to 100kHz but decreased,
which can be related to not having enough time for recovering the applied strain. The appropriate
range for maximum performance was 1-100kHz frequency, the acoustic range, so it can be an
acoustic sensor. The ultimate performance was under 40% [71].

In 2016 a method for producing electrospun PVDF/G nanofibers doped by Ce®" was used, which
was appropriate for in-situ synthesis of a wide area, high sensitivity, and flexible pressure sensors.
The sensor could sense up to 2Pa, and it was very sensitive, which as a nanogenerator could give
11V with 6nA/cm? current density that could immediately turn 10LEDs on. The output power in
IMQ was 6.8uw. The sensor as an acoustic sensor could produce 3V under 88dB. Adding G could
nucleate B phase content after drawing and step by step polishing, giving a higher piezoelectric
effect. Dehydrated aluminum cerium sulfate is used for doping cerium ions. The  phase content
was reached 96% and after adding G reached 99%. Under repeating 8N pressure force in 4Hz and
the vertical pressure of 6kPa on the top of the sensor, the output with 1% G reached 11V from
4.5V. For calculating of pressure dividing force on the contact area used. Wind energy with 8m/s
speed had 3.2V output [11].

In table 18, comparing sample conditions and works results, is listed.

Table 18 comparing acoustic works. dB for SPL, um for web thickness, cm? for web area, mm
hole diameter, Hz for frequency, and nm for the nanofiber diameter.

electrode sample | condition variables sensitivity source
250pm,
Conductive fabric PVDF | 9x7.5cm?, PVDF -
90dB
[9]
. 17,5V,
TIO/PVDE | 56000V /kPa
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electrode sample | condition variables sensitivity source
Conductive fabric PVDF | 88dB PVDF 2380V/kPa
11
Gice/ PVDF |3V -
5970V/kPa
150pm, PVDF
- PVDF | 11x8.5cm?, 271V/kPa [12]
90dB (107+5nm)
MoS2/ PVDF | 19000V/kPa,
(75£10nm) 2nA, 12V
SPEUIterr:;”WO"e” with oypp | 100dB, 315 | PVDF 49mv, (14]
P . 1250Hz (156£13nm) | 24.5V/kPa
copper/nickel
Ag/ PVDF | 55.8 mV,
(169+21nm) 25.9V/kPa
Inkjet printing of Ag 100 mV,
ink PVDF | 86-89dB 2108vikPa | L'
ﬁf’r:]d sputtered  PET | o /be | 220Hz 60dB 1.2mV [20]
115dB 2.29V
40um, 220Hz,
PVDF 115dB 6.4mm 110V/kPa
12.8mm 200-225V/kPa
P.VDF No change 42.5V/kPa
film
PVDF 266V/kPa
PVDF No hole 0.5V
One hole 2.5V
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electrode sample | condition variables sensitivity source
12.8mm,
PVDF 220Hz, 11508 20pum 161V/kPa
40pum 205V/kPa
40um, 12.8mm, 5
PVDF 220Hz, 115 dB 2cm 50V/kPa
12cm? 200-225V/kPa
PVDF- 1.5V, 750
TrFE 100 dB V/kPa
PVDF, 3x4cm? 20um,
310+60nM One hole 6.6uA, 5.3V
I PET | PVDF-TrFE 4cm?
Gold ~sputtered FE, 34 e hole 11.2uA, 7.8V | [96]

film 20pum, 240+40nm

PVDF-TrFE, 3x4cm?,

20pm, 240+40nm Eight holes 28.5uA, 14.5V

. 75V,
Stalnless_ steel mesh PVDF | 160Hz, 11508 [99]
and Al foil 45mA/m2
Copper foam and
. - 523V,

nylon fabric  with 125Hz, 110dB,

PVDF [100]
PEDOT: PSS 20pum, 25MA/M?
nanofibers coating
Gold sputtered PET | PAN, 3x4cm?, ~ 30um, | polymer 58V, [101]
film with 8 holes 215+50nm,  100-500Hz, 12uwW/cm?,

115dB 12pA

Sensor sensitivity is calculated from below aquation where V is the output voltage, P equals
0.00002Pa, and Ip is the sound pressure [20]. In sources number 100 and 101, the nanogenerators
work with triboelectric effect.

S=VP=VPx10LP20S=VP=VPx10LP20

According to the above results, the kind of dopant and finding the optimum condition for the
sample for testing affects the output. Up to now, the impact of a kind of electrode for nanofiber


https://doi.org/10.20944/preprints202111.0380.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2021 d0i:10.20944/preprints202111.0380.v1

web has not been investigated. Still, similar to this for PVDF film showed that the type of electrode
could change the output a little [12]. Still, its effect is not a lot (because in all the above works
with different electrodes, no big changes were seen in outputs). It seems that the kind of electrode
and electrode applying method is essential for lower cost or getting more functions from the layer.

For the first time saw that PAN showed a better piezoelectric effect than PVDF [101], so a new
subject for further studies is acoustic sensors based on PAN composite nanofibers.

Future of PVDF nanogenerators

As mentioned earlier, hybrid electrodes are the best, and printing is the best method for electrode
applying, so inkjet printing of Ag/G ink is the best solution, but it is expensive, and low dispersion
of G is a problem; therefore, its development has limitations [102]. Maybe printing sometimes is
hard due to no access to a good printer and makes applying any patterns impossible. Spin coating
is a simple and available method, but just like using ink, applying them on a porous nanofiber layer
may result in higher output just like penetrated electrodes or may cause a short circuit or maybe
do not penetrate in the layer, so a solution is to apply the ink on a PET film but in sound maybe
needs to make holes on the layer to make possible for the layer face with sound easier. The
Sputtering of nickel is good because of its anti-corrosion, cheapness, and good conductivity. Still,
for higher stability and cost efficiency, in-situ synthesis of nickel on layer is the best way (similar
to it done for PET fabric [103]) and due to good adhesion of nickel nanoparticles with layer,
nowadays is attractive but sputtering is suitable for high productivity and is a dry method. For
higher conductivity, using both copper and nickel is away. Sputtering of gold had little outputs and
high cost [105]. However, in-situ synthesis of gold with gold chloride and a reductant such as DMF
is a way to lower cost [27]. The best way is an in-situ synthesis of nickel on the layer from the
above information. In 2011, making PVDF electrospun web conductive in-situ synthesis of Ag
was done for cardiography tests [104]. Comparing all these suggestions is a good subject for further
articles. Among these electrodes, Ag/G ink can use to produce sound by electrode applying the
same source number 69. It seems that in-situ synthesis compares to sputtering should have higher
outputs due to more stability and adhesion of this method (dip-coating of graphene showed better
results compare to spiral coating for piezoelectric nanogenerators with human hand force [21]) and
also both of them should have higher outputs compare to Ag/G ink due to lower conductivity of
the ink similar to source number 23. Interdigitated electrode is the best way to increase current
density, which can be used in sputtering, printing, and spin coating. The results of this heading
are presented in the following table 19.

Table 19 results of future PVDF nanogenerators.

Electrode merits demerits

In-situ  synthesis | Low cost, high conductivity, attaching on the | The wet process so needs
of Ni layer a cause to higher output controlling, and it is
harder to apply
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Electrode merits demerits

Sputtering of Ni Dry process, high conductivity, easy to apply | High cost, lower
attaching with the layer

printed G ink Low cost, easy to apply, dry process Lower conductivity

Printed Ag/G ink | easy to apply, dry process, higher conductivity | Higher cost than G ink

than G ink
Spin coating of | Cheapest and easiest way Lower accuracy
ink
Interdigitated a way of increasing output without depending
electrodes on the kind of electrode applying method and

kind of using the material for the electrode

Electrodes with | A way to increase the output for acoustic
the hole on them | nanogenerators

holed electrodes | Bests for acoustic nanogenerators (suggestion | Should investigate
of printed G ink for further works)

Flowchart 1 is introducing the output increasing methods for PVDF nanofibers nanogenerators.

Flowchart 1 introducing output increasing methods for PVDF nanofibres nanogenerators.

output parameters of the
increasing layer
methods
electrode
test's condition

(for acoustic
nanogenerators)

Conclusions

PVDF-based nanofibers possess increased attention in research and application fields. Lots of
articles on the subject of nanofibers of PVDF have been published. This review wants to
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summarize and review the growths in this field. This is logical because these materials are the
main elements in developing many devices (sensors, fuel cells, photocatalysts, and piezoelectric
devices) for future applications. Many research groups combine nanofibers of PVDF with other
small molecules, polymers, and nanostructures that these systems have made for modern
technology requirements and give new properties by many practical applications.
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