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Abstract: This review summarizes the current trends and developments in the field of polyvinylidene
fluoride (PVDF) for use mainly as a nanogenerator. The text covers PVDF from the first steps of
solution mixing, through production, to material utilization, demonstration of results, and future
perspective. Specific solvents and ratios must be selected when choosing and mixing the solution. It
is necessary to set exact parameters during the fabrication and define whether the material will be
flexible nanofibers or a solid layer. Based on these selections, the subsequent use of PVDF and its
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1. Introduction

Nowadays, there are countless synthetically produced polymers with different prop-
erties and functions. Organic polyvinylidene fluoride (PVDF) can be classified as one of
the most interesting. The reason that has made it so popular is due to its vast range of
applications precisely because of its properties [1]. This semicrystalline fluoropolymer
has a considerable chemical resistance, high mechanical strength, extensive operating
temperature range (the glass transition temperature is —35 °C and the melting point is

177 °C). Moreover, it is biocompatible and highly hydrophobic. It can be argued that
similar properties can be achieved with other types of polymers, which is certainly true.
For example, polytetrafluoroethylene (PTFE) is regarded as an ideal alternative, but quite
expensive [2]. As another similar, fluorinated ethylene propylene (FEP) can be considered,
This article is an open access article ~ Which is suitable for generators in an outdoor environment [3-5]. However, PVDF has
distributed under the terms and  ONe€ other unique property, and that is the ability to generate a charge, not only using the
conditions of the Creative Commons  triboelectric effect but also using piezoelectricity, which is a great advantage over other
Attribution (CC BY) license (https://  polymers. Thus, PVDF can rightly be called a nanogenerator. Scientists in many fields are
creativecommons.org/ licenses /by / exploring the combination of all these properties and the ability to generate a charge [6-11].
40/). This paper selects a few of the most widely used and interesting ones. In general, these
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energy harvesters have taken the name of piezoelectric nanogenerators (PENGs) or tribo-
electric nanogenerators (TENGs). Although there are many other and not less interesting
representatives of both PENGs or TENGs [12], PVDF can also act as a hybrid in both
cases [10], and this capability makes it quite distinctive.

First of all, it is necessary to describe PVDF in terms of its chemical structure. The
chemical formula is (CoHpFp)n. Its basic building blocks are therefore carbon, hydrogen,
and fluorine. These three elements can form several crystalline chain conformations [13].
Conformations are defined by polar and nonpolar phases. Four phases are most commonly
found in the literature: «-, 3-, y-, and 6-. Less commonly mentioned is a fifth e-phase [14].
Phases a and € belong to the nonpolar ones. Molecules with antiparallel packing of the
dipoles are nonpolar bonds and have no dipole moment [14]. Conversely, polar molecules
do not have a full covalent bond, so an imbalance in the electron charge of the molecule
is present. The imbalance in the distribution of electrons generates dipoles. The dipoles
will try to align themselves when an electric field is provided. The polarity of a molecule
affects the attraction between molecular chains. Furthermore, nonpolar polymers are less
permeable to water than polar polymers [15]. Thus, it is clear that the polar phases are
the most interesting to observe in the case of charge generation. The most associated with
charge generation is the 3-phase [14]. Furthermore, not neglected is the polar y-phase,
where its polarization effect is weaker. This is because the gauche bond exists in every
fourth repeat unit [16]. The often mentioned nonpolar x-phase is usually obtained from
the melt by crystallization. The phase conformations of PVDF polymer are illustrated in
Figure 1, where their different structures can be clearly seen.
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Figure 1. The chain conformation of the most observed phases in PVDF [17]. Because the fluorine
atoms in the -phase are situated on the same side of the molecular chains, which are arranged parallel
to one another in a specific direction, with the same dipole orientation and enhanced polarity, the
-phase exhibits spontaneous polarization strength as well as pyro- and piezoelectric properties [18].

Popular methods for phase characteristics are Fourier transform infrared spectroscopy
(FTIR), Raman Spectroscopy, X-ray diffraction (XRD), and differential scanning calorimetry
(DSC). These methods are discussed later in Section 2.5.

The main effort during production is to increase the 3-phase as much as possible. The
simplest option is to change the fabrication parameters. The second option is to dope the
material with so-called fillers. These also serve, for example, to increase permittivity or
hydrophobicity, depending on the application of the material. All of the above issues and
more are also discussed in the following sections.

As PVDF is a well-known and used material, it has been the subject of many reviews.
Special types of applications or manufacturing are described. A selection of other and
recommended papers on a related topic is mentioned in Table 1.

In this paper, the manufacturing and analysis of PVDF polymer is described in a
comprehensive Section 2, where the main aspects that should be followed in the production
of this material are highlighted. However, once production has been successfully mastered,
there are risks that can cause degradation, which Section 3 discusses. As PVDF nanogener-
ators are currently widespread in many fields, Section 4 maps their current applications.
On the contrary, Section 5 pushes the state of the art and goes further, describing new,
emerging, and future trends. Finally, all findings presented so far are summarized in the
conclusion in Section 6.
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Table 1. Selected publications on a similar topic. The chosen studies are mainly complementary to

the current paper.

Review Title

Short Description

A comprehensive review on fundamental
properties and applications of poly(vinylidene
fluoride) (PVDF) [19]

Properties of PVDF and not only its
applications as a nanogenerator.

Application and modification of poly(vinylidene
fluoride) (PVDF) membranes—A review [20]

PVDF mainly as membranes, their
modification and comparison.

A brief review on piezoelectric PVDF nanofibers
prepared by electrospinning [21]

A short review focused on
electrospinning.

Solution blow spinning of polyvinylidene
fluoride based fibers for energy harvesting

Alternatives for electrospinning.

applications: a review [22]

. Progress in piezoelectric nanogenerators based

on PVDF composite films [23] Special and emerging types of fillers.

° Electrospun PVDF nanofibers for piezoelectric
applications: a review of the influence of
electrospinning parameters on the 3 phase and
crystallinity enhancement [24]

Tuning the 3-phase and crystallinity of
nanofibers fabricated by
electrospinning.

. Progress in the production and modification of
PVDF membranes [25]

Rich review on membranes, many
comparisons.

e  Recent advances in the preparation of
PVDF-based piezoelectric materials [26]

Fabrication, preparation, and 3-phase
formation of PVDF and its copolymers.

2. Materials and Methods

How to prepare the right solution (Section 2.1), how to choose (Section 2.2) and how to
make (Section 2.3) fibers or layers from this solution, how to enhance the obtained material
(Section 2.4), and how and what to measure (Section 2.5) are covered in this section. Various
recommendations, known problems, or even possible interesting facts that many scientists
over the last years have discovered can be found here.

2.1. Solution Preparation

For the formation of the material, the preparation of the solution precedes. The PVDF
must be processed into a liquid form using a solvent, and if necessary, a specific filler must
be added in the process. As PVDF has a relatively high toxic resistance, it is not easy to
dissolve, and only small amounts of polar solvents need to be used. The standard solvents
used are dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), dimethyl acetamide
(DMAC), or N-methyl pyrrolidone (NMP). These solvents are often combined with ace-
tone (Ac) with various ratios. The addition of smaller amounts of acetone contributes
to the volatilization of the solvent and an increase in the 3-phase [24]. Acetone causes a
faster evaporation of the solvent. There are also several papers experimenting with dif-
ferent solvent ratios [27] but DMSO/ Ac with a 7:3 ratio is quite commonly used [6,28-30].
The amount of acetone is also reported with the ratio of 6:4 for DMF/Ac, DMSO/ Ac,
and NMP/Ac [31]. Different ratios have also been shown to affect the morphology of
nanofibers [32]. Furthermore, the choice depends on the PVDF concentration. This is
given in the range of 10 to 25 wt% [24,31,33]; the choice will of course affect the viscosity
of the solution. Subsequently, essential parameters such as chain conformations are also
affected. The optimum selection for a high -phase is 20 wt% PVDF, then with a higher
concentration the 3-phase decreases. Lastly, molecular weight is also important. It also
influences the viscosity of the resulting solution. Molecular weights of 70.000, 180.000,
275.000, 534.000, and 777.000 g/mol have already been used. The most currently used value
for electrospinning is 275.000 g/mol [33-39]. After selecting the appropriate type of PVDF



Coatings 2022, 12, 1429

4 of 24

and solvent, these substances are mixed. A standard stirrer at 40 to 80 °C is used, and
the mixing time should be at least 4 h. However, many authors choose 24 h with known
solvents such as DMSO, NMP, or DMF [40].

Nevertheless, it is essential to keep in mind that the parameters chosen in this way
may affect the 3-phase and other chain conformations. However, what matters most is the
subsequent method of production and the capabilities of the apparatus. In particular, using
nanofiber fabrication by the electrospinning method can lead to needle clogging during its
use. When preparing the solution, it is advisable to take into account the way in which the
resulting piezoelectric polymer will be processed.

Other lesser-known solvents for PVDF are as follows: acetyl triethyl citrate (ATEC),
v-butyrolactone (GBL), cyclohexanone (CHO), cyclopentanone (CPO), dibutyl phtha-
late (DBP), dibutyl sebacate (DBS), diethyl carbonate (DEC), diethyl phthalate (DEP),
dihydrolevoglucosenone (Cyrene), 1,4-dioxane, 3-heptanone, hexamethyl phosphoramide
(HMPA), 3-hexanone, methyl ethyl ketone (MEK), 3-octanone, Rhodiasolv PolarCleana,
3-pentanone, propylene carbonate (PC), tetrahydrofuran (THF), tetramethylurea (TMU),
triacetin, triethyl citrate (TEC), triethyl phosphate (TEP), trimethyl phosphate (TMP), and
N,N’-tetrabutylsuccindiamide (TBSA) [41-43].

2.2. Fibers or Solid Layers?

Where and how the material will be used also determines whether the PVDF will
be in the form of nanofibers or solid layers. Both have advantages and disadvantages,
and scientists are experimenting with them [18]. For obvious reasons, a significantly
stronger piezo effect, and not only that, can be expected with solid layers—films. Here,
one must consider the reduced flexibility or the impossibility of using the material as
a filter (often also for the utilization of photocatalysis [44]), which is not the case with
nanofibers. However, the characterization of nanofibers is much more challenging than
for solid layers. Indeed, the fiber mat is an inhomogeneous material where the individual
fibers are chaotically distributed. While the arrangement of the fibers can be controlled
(e.g., by the rotation of the collector cylinder during electrospinning), it is not such that it
can be accurately quantified and has not yet been described mathematically. The fiber mat
is filled with air, which affects every measurement. The interpretation of the results is then
much more complex, for example, in any spectroscopic measurement due to the uneven
structure or in electrical measurements, such as permittivity, where the air inside the fiber
mat is partly measured. Therefore, these are negative properties that must be taken into
account when choosing nanofibers.

2.3. Material Fabrication

Electroactive PVDF can be formed in two variants—fibers or layers. As outlined in
previous sections, the choice of the form of this material depends mainly on the area of
use. Thus, if there are high requirements for flexibility, breathability, or even elasticity, it is
better to define the form of the fibers. In this case, such a nanogenerator finds perfect use in
the field of tissue engineering [45], smart textiles [46], or as an active filter [47]. Otherwise,
layers or rather thinner films can be used, for example, as a pressure sensor [48,49].

Currently, the most widely used methods for producing PVDF nanogenerators, sen-
sors, membranes, and other electrical-signal-generating products include spin-coating—for
thin films [23,50], and electrospinning—for fibers. Electrospinning in the field of nano-
generators is relatively predominant [24,51-54]. Other lesser-known methods include
electrospraying—a layer in the form of nanoparticles [55,56], or the Langmuir-Blodgett
method—a layer formed by chemical deposition [57,58]. Using the method of electrospin-
ning is quite extensive and is divided into many subcategories of how electrospinning can
be performed. Notwithstanding, the basic principle is the same—in a high voltage system,
a liquid solution in the form of a fiber is drawn by an electric force between the emitter and
the collector. Due to the electric field, the so-called Taylor cone forms on the emitter, which
acts as the liquid source. At the tip of this cone, the fiber is pulled towards whipping the
collector (Figure 2). The result is a nanofiber structure.
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Figure 2. Drawing of a fiber from a forming Taylor cone at the tip of the emitter, in this case, a needle.
The fiber is attracted towards the collector, which is no longer captured in this image. The material is
20% PVDE. The heated solution is still liquid in the emitter but during the whipping of the collector
and fiber formation the solvent dries, and the PVDF solidifies [17].

The most well-known electrospinning method is when the needle is placed as the
emitter, through which the solution flows towards the collector, which is in the form of a
rotating cylinder (Figure 3). Researchers like this method mainly because they can very
carefully control every parameter of production of literally every fiber on the resulting
fiber mat. The thickness of the fibers and their shape, tension, or evaporation time can be
controlled, for example, the distance between the emitter and collector, the high voltage
value between them, cylinder rotation speed, needle diameter, solution flow rate, or air
temperature or atmosphere in a chamber where the fiber is formed. The following Table 2
lists the most common problems that can occur with single-needle electrospinning on the
rotating collector [30,59,60].

Table 2. The most common electrospinning problems in which PVDF nanofiber imperfections
occur [30,59,60].

Problem Cause
Fiber bonding Short emitter—collector distance
Formation of droplets in fibers High dosing rate (emitter flow)

High emitter—collector voltage

Nonformation of droplets in fibers High viscosity

Chaotically oriented fibers, thick fibers =~ Low emitter—collector voltage

Low collector cylinder speed

Higher molecular weight

Spinning outside the cylinder Low emitter—collector voltage

High collector cylinder speed

Low fiber tension Solution without ions/salts (small number of charges)
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Figure 3. Illustration of the method of electrospinning in the form of a single needle acting as an
emitter and a rotating cylinder acting as a collector, on which the nanofiber is gradually wound, and
as a result it then creates a kind of fabric that can be used as the basis of a simple nanogenerator [17].
The red square highlights the emitter—the needle with the solution changing to a fiber, which was
also described in Figure 2.

In this way, the specific parameters of the fiber can be achieved relatively accurately, and
the 3-phase of the resulting fiber can be successfully tuned [24]. The labeling as “nanofibers”
can rightly be used for the size of such fibers, as their thickness can range from microns
to tens of nanometers [61]. In some cases, it is even possible to create structures in the
order of nanometer units. Cernohorsky et al. in Figure 4 demonstrated that these structures
resembling a cobweb were formed in the combination of PVDF and nylon-6 (PA6) [61].

Figure 4. A structure of porous character resembling a cobweb. This structure was observed in
combination with nylon-6 (PA6) [61]. The structures of smaller nanofibers within tens of nanometers
are indicated by the arrow.

However, this precise production control based on a single drawn fiber is, of course,
redeemed by the production time when the fiber is wound on the cylinder. This can be
solved relatively easily by replacing one needle with two or more but at the cost of less
control over the process. Furthermore, as already mentioned, electrospinning exists in
many variants. Thus, for example, a coaxial needle can be used instead of a single needle,
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where two types of solutions flow through the needle and where the fiber core can thus be
of a different type than its shell. This type of nanofibers is also called core-shell nanofibers.
It is also a relatively popular method [62-64]. Instead of the coaxial needle, two different
needles with different solutions or several more needles can be used. The so-called metal
rod can also be used instead of needles. However, compared to Figure 3, the emitter serves
as the metal rod from which liquid is released, placed from the top, and the collector from
the bottom. If the electrospray method is considered, it is necessary to use the appropriate
part (instead of the needle) as the emitter. The type of collector can also be changed, where
a static plate can be used instead of the rotating cylinder on which the fiber would be
applied. Nevertheless, the rotating cylinder can also serve as the emitter when it is partially
immersed in the solution and constantly wets into it during rotation and thus “brings” the
solution to the collector, where the material is again drawn in the form of fibers. No higher
control can be expected here when drawing the fibers. It is also worth noting that a solution
is not always used in electrospinning. With the required aperture, direct melting of the
material can also occur at the cost of a much higher viscosity [65].

2.4. Tuning and Improving the Properties

Although PVDF can be considered a very successful and popular material, perhaps
also because of this, scientists are constantly trying to improve its properties. There are
a large number of articles in the databases not only about how to improve its 3-phase,
which is usually the primary goal but also about how to improve other properties, such as
hydrophobicity, tensile strength, etc., [66-72].

The first option is to adjust the production parameters [73]. For example, several
research groups have shown that the 3-phase for the fibrous PVDF structure can rise by
increasing the speed of the collector cylinder. Higher collector cylinder speeds can also
cause different material flexibility. In this case, the arrangement of the fibers in the overall
fiber mat is different. Atlow speeds of around 300 rpm, the fibers are much more chaotically
distributed. At high speeds, such as 2000 rpm, the fibers are again much more aligned, i.e.,
made tensile and thus with smaller diameters. That is why electrospinning with the needle
and the rotating cylinder is so much used [17,30,51,61,74].

The second option is doping, mixing, and adding additional material. The result is a
new composite. It could be, for example, the previously mentioned nylon (PA6), which can
be spun in parallel with PVDEF, and which can be used to control hydrophobicity, stress,
and the magnitude of the triboelectric effect etc. [6,51]. The core-shell is often used, i.e., a
combination of two solutions using a coaxial needle [64,75-77]. The variation of solutions
to PVDF is relatively large, so it cannot yet be said with certainty that one composite
predominates more than another.

Another option is to use fillers, which are various powders mixed with a solution.
However, it is necessary to pay much more attention to the affinity of the material and
thus check its mutual compatibility [78-80]. For example, there are efforts to improve
ferroelectric and magnetic properties with BiFeO3 [81-84], or also with the relatively
popular BaTiOj3 to increase the 3-phase [78,85-91]. Other authors use ZnO to improve
output voltage and improve crystalline structure [92,93]. There is also a rich use of PZT
ceramics to increase piezoelectric properties [94], which can also be used as a smart air
filter [95]. Almost all of these methods use electrospinning. Of course, this selection does
not cover (nor is it intended to) the very broad combination of materials that are used with
PVDE. However, the possibilities mentioned are ones of the most common.

2.5. Characterization and Electrical Measurement Methods

This part of the section describes the most widespread methods of characterization,
material composition, and electrical properties of PVDEF, especially nanofibers. The most in-
vestigated parameter of this material is usually its phase conformation, which is associated
with the piezoelectric effect. The large part of the work is then focused mainly on studying
the 3-phase. All these results are based on the used spinning methods, specific production
parameters, fillers, but also on the specific type of (commercial) PVDF [14,96-101]. For
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spectroscopic methods studying fibers, the characterization of fibers can be considered
relatively complex. The reason is simple, namely, the inhomogeneous structure of the
sample surface, so it can be assumed that these methods will be more accurate for solid
PVDF layers [17,74,102].

For ease of reference, Table 3 below summarizes the most commonly used methods
for PVDF analysis with a brief description of each technique.

Table 3. The most used methods for the study of PVDF nanogenerators.

Measurement Method Short Description

Scanning electron microscopy (Section 2.5.1) Structure, shape, thickness, cross section

Fourier transform infrared spectroscopy (Section 2.5.2)  Determination of the phase conformations

Raman spectroscopy (Section 2.5.3) Similar to FTIR, sample fingerprint analysis
X-ray photoelectron spectroscopy (Section 2.5.4) Elemental composition
X-ray diffraction (Section 2.5.5) Structure of a crystal, phase conformations

Atomic/piezoresponse force microscopy (Section 2.5.6)  Fiber diameter, piezoresponse

Permittivity and dielectric properties (Section 2.5.7) Dielectric constant &,

Piezoelectric coefficient (Section 2.5.8) Piezoelectric coefficient d

Wettability (Section 2.5.9) Contact angle

Surface area analysis (Section 2.5.10) Gas adsorption

Thermogravimetric analysis (Section 2.5.11) Weight percentage composition, thermal properties
Differential scanning calorimetry (Section 2.5.12) Crystallinity

Mechanical properties (Section 2.5.13) Tensile stress, Young’s modulus, and tensile strain

2.5.1. Scanning Electron Microscopy (SEM)

It is used mainly for studying the structure of nanofibers. There are several reasons for
its use. One of the main reasons is to examine the condition of the fiber—its shape, thickness,
and defects [32,68]. It is also possible to perform statistical calculations [32,88,102-104]
and observe the attachment of various fillers. In the case of experiments with production
parameters that affect the physical properties of fibers, SEM is a necessary method. This
method may also include an FIB (Figure 5) [17] for examining the fiber cross section or an
EDS for an elemental analysis [105].

Figure 5. Example of PVDF nanofibers that have been cut using FIB. Several interesting aspects can
be seen in (a). In the fiber cut at the upper part, it can be seen that its structure is not perfectly oval.
Both cut fibers appear hollow in some parts, or it may also be an air bubble. On closer examination in
(b), it can be seen that particularly in the surface region, the fibers are quite porous. Since PVDF is the
polymer, it has been coated to prevent charging of fibers, as indicated by the color highlighting [17].
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2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

A relatively popular and frequently used method just after SEM characterization is
FTIR, where its use for PVDF investigation is in the order of hundreds of papers [106]. It is
used to accurately determine the phase conformations in the sample. The exact proportion
of the 3-phase can thus be calculated quite accurately [17]. The determination of PVDF
phases is not identical among all authors, but there are also exclusive peaks or even dual
peaks (mainly $—y) (Table 4). In some cases, the attenuated total reflection system ATR
with FTIR is also used to determine the functional groups and bonds (for example, with
hydrogen) [107]. The group CH, bending vibration occurs at 1402 cm ™!, the CF, bending
vibration at 508 cm ! and 473 cm ™!, and the stretching band at 1180 cm ™1 [108-110]. There
is also a shift of about 2 cm~! in some articles [106].

Table 4. List of the most commonly identified values for «-, 3-, and y-phases in FTIR absorption
spectrum. The last line also lists the values of the so-called dual peaks, as they are denoted by some
authors [97,106,111].

Spectral Area Value

a-phase peak 410, 489, 532, 614, 763, 795, 854, 975, 1149, 1209, 1383, and 1423 cm ™1
-phase peak 445,473, and 1275 cm ™!

Y-phase peak 431,482,811, and 1234 cm™!

Dual 3~y peak * 510, 840, and 881 cm !

* Some authors consider these dual peaks to be purely 3-phase, others purely y-phase, the largest divergence can

be considered at 840 cm L.

2.5.3. Raman Spectroscopy

Raman spectroscopy is also used for a precise phase and sample fingerprint analysis,
like FTIR, and thus considered to be a complementary or alternative method due to its
similar characteristics. The reasons for the use of both methods may also be as a result of
the aforementioned inhomogeneity of the nanofiber sample surface, where the outcomes
from the characterizations may correlate each other. Although we want to display the
same phase, it can differ between FTIR and Raman spectroscopy, as Raman spectroscopy
can show different rotations, bending, and stretching of molecules. It also depends on the
light source used for Raman spectroscopy and device sensitivity on the lower wavelengths.
The fraction crystallinity of each phase can be calculated from Raman as well as from
the FTIR [112]. Furthermore, here again, several less intense peaks can be found in the
spectrum, which have been adequately described [74,102,113,114]. Typical wavenumbers
for the crystalline phases from Raman spectroscopy are: the x-phase occurring at 794 and
874 cm ™!, the -phase or the -y combination found at 839 cm ™!, and the v-phase found
at 812 cm~! [115]. Since, the polymer is investigated by Raman spectroscopy, it is not
recommended to set the laser power higher than in mW units.

2.5.4. X-ray Photoelectron Spectroscopy (XPS)

Because XPS tracks the elemental composition on the surface of a sample, it is not
as commonly used as further spectroscopic and other methods for determining phase
structure. However, it is relatively important for accurate monitoring material changes, for
example, when using different solvents or fillers. The most commonly observed regions for
PVDF are carbon Cls, fluorine F1s, their bonds, and possibly hydrogen H bonding [116]. For
example, the peaks at 286 eV originated from the -CHj—, and the one at 290 eV originated
from the —CF,— components, the one at 288 eV originated from the -CH-, and the one at
293 eV corresponds to -CF3;— groups. Some bonds cannot be easily detected without fitting.
Hydrogen itself is undetectable by XPS.
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2.5.5. X-ray Diffraction (XRD)

It is a crystallographic method used to analyze the phase structure of a sample. It is
standardly expressed as intensity vs. 20. All PVDF phases here have specific values in
units of degrees. The characteristic patterns of PVDF are mainly between 14 and 26° [117].
The 3-phase has a characteristic value of 20.26°. Saha et al. states its value of 20.4° [118],
Moazeni et al. reports a 3-phase of 20 = 20.6° (200/110) [117], Chethan et al. provides
26 =20.8° (110/200) [119]; the «-phase peaks occur at 17.7°, 18.3°, and 19.9°; the y-phase
peaks are 18.5°,19.2°, and 20° [14,120]. It is obvious that, for example, 20° for the y-phase
can be easily mistaken for the 3-phase and vice versa.

2.5.6. Atomic Force Microscopy (AFM) and Piezoresponse Force Microscopy (PFM)

Using AFM, it is also possible to measure the piezoresponse of the sample, i.e., its ferro-
and piezoelectric domain, specifically when using the PFM mode. In most cases, this is a very
precise examination of only one fiber with a diameter of 100 nm to 3000 nm [18,24,121-123],
where the authors prove the properties of a particular sample (Figure 6) [120,124].

nm
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£ 800
400 0.2 %
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(a) 0 0 2 um

Figure 6. (a) Fiber similar in shape to the one that was acquired by SEM and mentioned in Figure 5a.

The same fiber is also measured using the (b) PFM method, where the authors confirm the different
orientation of the domains with a bias of —5 V [17].

2.5.7. Permittivity and Other Dielectric Properties

Permittivity is an important electrical property that affects charge generation. For
polymers, permittivity is limited by a low intrinsic dielectric constant e.¢. In nanofiber
PVDF, it can be increased mainly by adding ceramic fillers or by forming a composite [90].
In this case, solid layers have a higher permittivity for obvious reasons (Section 2.2). When
measuring a nanofibrous material, the sample is largely filled with air, which complicates
the measurement, makes it harder to determine the specific thickness of the material (which
must be known when measuring permittivity), and generally reduces the resulting value. It
is not entirely surprising that the resulting real part of the permittivity is close to the value
of the relative permittivity of the air. The dielectric constant ¢, or ¢’ of a normal undoped
pure sample at 100 Hz is around 1.5-3 [61,125], and for most PVDEF samples is not higher
than 10. If no characteristic is given, the values at 1 kHz should also be added. In addition,
the loss coefficient tan § or the imaginary component ¢” is usually stated.

High dielectric properties are expected to result in increased energy storage density.
Given the constant miniaturization, this capability of the material is also highly demanded
and desirable. Table 5 shows selected research that aims to maximize energy storage density.
It is apparent from the results that polymers with several layers achieve the highest values.
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Table 5. Concise demonstration of several selected PVDF composites having high dielectric properties.

Utilized Composite Achieved Energy Storage Density
6-fold P&F PVDF films [126] 39.80J/cm? at 880 kV/mm

BaTiO3 /PVDF layers [127] 20.70 J/cm? at 690 kV/mm
BiFeO3TiO,-PVDF/PMMA [128] 19.30 J/cm? at 549 kV/mm
BN/PVDF/BN [129] 19.26 J/cm? at 465 kV/mm
Three-layer PVDF [130] 11.00 J/cm? at 440 kV/mm

Pure PVDF [127] 9.30J/cm? at 500 kV/mm

3 wt% BZT-BCT NFs/PVDF [131] 7.86]/cm? at 310 kV/mm

0.1 wt% graphene/P(VDF-TrFE-CFE) [132] 7.00 J/cm? at 300 kV/mm
BaTiO3-CoFe,O4/PVDF [133] 5.60]/cm? at 263 kV/mm

1.25 wt% Ba(Zr,Ti)O53/P(VDF- TrFE-CFE) [134]  2.80 J/cm? at 75 kV/mm

2.5.8. Piezoelectric Coefficient

Although the high -phase is a prerequisite for a high piezoelectric effect, some
experiments are combined with the measurement of the piezoelectric coefficient [124]. The
piezoelectric coefficient d, more precisely piezoelectric charge coefficient or piezoelectric
strain coefficient, belongs to the group of piezoelectric constants, which also includes
piezoelectric voltage coefficient g, piezoelectric stress coefficient ¢, and piezoelectric stiffness
coefficient /.

The piezoelectric coefficient d;; is defined by two subscripts i and j and is most often
given in pC/N units. Subscripts i and j are expressed by numbers that represent the
designation of the axes and the directions of deformation. Subscript i shows the direction
of polarization, and subscript j shows the direction of the applied stress. The compression
mode, as the ds3 coefficient is otherwise called [135], is one of the most frequently observed
piezoelectric characteristics in PVDF [136-140]. It indicates that mechanical deformation
occurs in the same direction as the polarization. Another of the common piezoelectric
coefficients is d3; or transverse mode, where mechanical stress is applied at right angles to
the polarization axis. The following empirical relationship holds between ds3 and d3; [141]:

dgg ~—-25- d31 (1)

The results from the measurements vary widely depending on the application of the
fibers/layers. Standard results are usually in tens of pC/N units. When using ceramics, val-
ues in the hundreds of pC/N can be achieved. In the case of other electrical characteristics,
for example, the voltage response [142,143] or hysteresis loop [14] is widely measured.

2.5.9. Wettability

The hydrophobicity and hydrophilicity of PVDF are another of the relatively fre-
quently investigated properties [144]. These properties may be important, for example,
for active filters, membranes [66,67], or textiles [145,146]. It has been shown that with a
higher collector cylinder speed during electrospinning, these properties can be controlled
(Figure 7) [17]. Various collector speeds give the sample structure a different morphology,
and as the collector speed increases, the fibers become more aligned. It is generally known
that PVDF is a hydrophobic material, and researchers are trying to modify it to higher
values up to superhydrophobic properties, with a contact angle >150° [68,147].

2.5.10. Brunauer-Emmett-Teller (BET) Surface Area Analysis

It is a standardized technique (ISO 9277) for determining surface areas that uses a
measurement of a physisorption of a gas. Most often gas adsorption in units of area per
mass of sample (m?/g) is mentioned, but it may also be given as area per volume (m?/cm?).
It is performed using the adsorption of nitrogen (most often) at 77 K, argon at 87 K, krypton
at 77 K, carbon dioxide at 0 °C or 25 °C, and water at 20 °C. The specific results for PVDF
with fillers vary. Rosman et al. stated [148] that for pure PVDF nanofibers, the specific
surface was revealed to be about 3.76 m?/g, and increased with the addition of ZnO up to
6.61 m?/g.
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Figure 7. Captured images shows the hydrophobicity of the same type of PVDF without any fillers,

produced by the method of electrospinning with different rotation of the collector cylinder. The figure
shows the contact angle of a 3 pL distilled water droplet on the PVDF nanofiber mat. Sample (a) was
made with the rotation of 300 rpm, and sample (b) with the rotation of 2000 rpm. The difference in
contact angle is almost 30° [17].

Yardimci et al. in their work reported [149] that PAN/PVDF nanofibers with 5 wt%
AgNO3 was 22.09 m? /g, with 10 wt% AgNO3 was 11.58 m? /g, and with 20 wt% AgNOs3, it
was 5.97 m?/g. Thus, the opposite trend to that of Rosman et al. with a ZnO filler [148].

Cvek et al. [150] in their research using combined PVDF/PVDE-TrFE blends loaded
with BaTiOj3 obtained a value of 17 m?/g.

2.5.11. Thermogravimetric Analysis (TGA)

By so-called thermographs, PVDF is characterized by the weight percentage composi-
tion, thermal properties, and stability of the sample [151]. By default, it is compared with
doped samples to determine the weight loss of the doped sample. For pure PVDEF, degrada-
tion has been measured by most authors at a temperature around 430 °C [69,152-155].

2.5.12. Differential Scanning Calorimetry (DSC)

The crystallinity of PVDF is usually investigated with DSC. The heat which is asso-
ciated with the fusion of the polymer is quantified [69]. The melting point Ty,, heat of
fusion AHt, and of course crystalline phases X¢ [124,156-158] are most often mentioned.
In the case of the original PVDF, the crystallinity X value can be up to 80% [159], but
this is a relatively high value and values of around 50% most often occur in scientific
studies [17,30,89,111,151].

2.5.13. Mechanical Properties

Some works also test the mechanical properties of PVDEF. Usually, tensile stress (MPa),
Young’s modulus (MPa), 