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Abstract: With the increase of interest in the application of piezoelectric polyvinylidene fluoride
(PVDF) in nanogenerators (NGs), sensors, and microdevices, the most efficient and suitable methods
of their synthesis are being pursued. Electrospinning is an effective method to prepare higher content
β-phase PVDF nanofiber films without additional high voltage poling or mechanical stretching,
and thus, it is considered an economically viable and relatively simple method. This work discusses
the parameters affecting the preparation of the desired phase of the PVDF film with a higher electrical
output. The design and selection of optimum preparation conditions such as solution concentration,
solvents, the molecular weight of PVDF, and others lead to electrical properties and performance
enhancement in the NG, sensor, and other applications. Additionally, the effect of the nanoparticle
additives that showed efficient improvements in the PVDF films was discussed as well. For instance,
additives of BaTiO3, carbon nanotubes, graphene, nanoclays, and others are summarized to show
their contributions to the higher piezo response in the electrospun PVDF. The recently reported
applications of electrospun PVDF films are also analyzed in this review paper.

Keywords: piezoelectricity; PVDF; electrospinning; nanogenerator; sensors; self-charging; PENG;
PVDF nanofibers

1. Introduction

In recent years, microdevices were being used more in emerging technologies that require
less power and could operate via alternative power sources. Specifically, the concept of energy
harvesting from the surrounding environment is receiving much interest to extend the life of portable
electronics, wearable, or sensor devices [1]. Energy harvesting is expressed as collecting energy from
the surrounding environment using mechanical vibration, mechanical stress, and strain to convert it
into electric power. Usually, energy harvesters’ potential lays within the range of milliwatt to microwatt
of power, which is significantly less than those generated by conventional power generation ways
(electromagnetic, hydroelectric) that can reach an output of kilowatt to megawatt [2–4]. However,
microelectronic devices require such lately developing energy harvesting technologies [5,6].

To harvest energy from ambient sources (mechanical vibrations, solar, thermal, and wind),
particular materials with the ability to collect or generate electricity could be used. Among these,
if we focus on the mechanical vibrations conversion into electrical energy, the devices based on
piezoelectric properties have great potential [7,8]. So far, much research work has been devoted
to the development and improvement of piezoelectric materials such as Pb(Zr,Ti)O3 ceramics and
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Pb(Mg,Nb)O3-PbTiO3 crystals, which can generate high piezoelectric output [1,9–12]. In addition
to ceramics and crystals, polymer materials have started to gain attention recently due to their
excellent mechanical flexibility, compatibility, and cheap cost. The application of polymer materials
(polyvinylidene fluoride (PVDF), PVDF copolymers, polyimide) in tactile sensors and nanogenerators
(NGs) has been especially developing rapidly. Therefore, to further improve the piezo response in
polymer materials, various nanofillers (graphene (Gr), carbon nanotubes (CNTs), nanofibers, etc.) have
been synthesized and studied to fabricate polymer films [13].

PVDF is one of the most attractive and highly investigated candidates for mechanical energy
harvesting applications among polymer materials. The features of PVDF, such as high piezoelectric
coefficient (d33 = 49.6 pm/V), excellent stability, and desirable flexibility, promoted its application in
different NGs [14,15]. Since PVDF shows promising results, many preparation methods were studied to
obtain PVDF film to use as sensors, NGs, self-charging supercapacitors, and even self-charging triggers
for lithium-ion batteries (LIB) [16–18]. Among the methods used to fabricate PVDF nanofiber films,
electrospinning is considered as one of the most efficient, as it is simple for operation, has low cost,
and the voltage applied during the synthesis helps to obtain the desired phase of PVDF (β-phase) that
can give a significant amount of voltage during mechanical stress, strain, and bending activities [19–21].
The advantage of the method is that piezoelectricity can be produced in situ during the formation of
nanofibers [22]. Therefore, electrospinning is favorable for achieving high-performance polymer films
as the technique involves intrinsically subjecting PVDF to a high electric field. The apparatus consists
of a charged polymer jet that attaches to a collection plate to form fibrous films with diameters varied
from microns to nanometers in diameter.

Additionally, the piezoelectric properties would further enhance as the fabrication fibers go through
mechanical stretching/poling due to polymer jet elongation and whipping. As a result, PVDF films
obtained by electrospinning show enhanced piezoelectric properties without the post-poling process
typically used in other synthesis methods. Moreover, the PVDF’s highly flexible structure progressed
the application of piezoelectric devices in wearable electronics, tissue engineering.

Therefore, this review focuses on the electrospun PVDF nanofiber film by discussing the
synthesis conditions, process parameters, and additional additives to obtain efficient piezo-response.
The application of electrospun PVDF in NGs, sensors, and self-charging systems is highlighted to
specify the perspectives of PVDF films in the future of flexible and wearable technologies.

2. Piezoelectric PVDF

Kawai discovered the piezoelectric properties in PVDF in 1969 by subjecting the polymer to the
mechanical stretching and electrical field [23,24]. The main highlight of the study was the importance
of PVDF dipoles orientation. To generate promising piezoelectric properties, PVDF should be in the
electroactive phase. PVDF has five known phases identified as α, β, γ, δ, and ε. The polar crystal
structure (β, γ, δ) defines the electroactive properties, where all the dipoles are parallel, ensuing a
non-zero dipole moment [25]. The β-phase is considered an essential crystal form due to its excellent
piezo-, pyro-, and ferroelectric properties [24]. In the case of the β-phase, all dipole moments point in
the same direction and show the highest piezoelectric responses [26].

The strong electric dipole moments at 5–8 × 10−30 Cm for PVDF monomers attracted much
research to find its application in sensors, actuators, and NGs. The high electronegativity of fluorine
(F) atoms than carbon (C) and hydrogen (H) atoms trigger excellent piezoelectric response [27,28].
The dipole moments in the β, γ, and δ phases in the PVDF structure follow the unit cell’s overall dipole
distribution pattern. As a result, the β-phase shows the highest dipole moment (8 × 10−30 cm) per unit
cell than the other two phases [29–31].

Although β-phase PVDF is very attractive for reasonable electrical output generation,
the orientation of monomers is costly and requires either mechanical stretching or high voltage
application (Figure 1). Such an operation is called ‘polarization’. The high electric field rotates
molecular dipoles in the same direction [23]. The poling process’s difficulty is that the electric field can
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only be applied along the surface of the material. As a result, this creates potentially different stress
and strain generation [11].
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Figure 1. The main phases of polyvinylidene fluoride (PVDF) and β-PVDF induced by stretching and
high voltage poling voltage.

2.1. Piezoelectric Characteristics

The term piezoelectricity is used to study the piezoelectric properties of PVDF. It is based on the
ability of a material to convert internal elastic energy to dielectric energy when the external load is
applied [32]. Equal and opposite charges are generated on the surface of a PVDF film due to mechanical
deformation [33]. Since PVDF has the characteristic of anisotropy, piezoelectric characteristics are
different for each direction [34]. The matrix for piezoelectric coefficients is given as:

di j =


0 0 0 0 d15 0
0 0 0 d24 0 0

d31 d32 d33 0 0 0

. (1)

In the equation, ‘i’ refers to the direction of measurement of the electrical value, the direction of
mechanical action is indicated by ‘j’, and d31, d32, and d33 are the piezoelectric strain coefficients of the
film plane in directions 1, 2, and 3, respectively [23,35]. We also have the piezoelectric shearing strain
coefficient in directions 1 and 2 of the film, d24, and d15. However, their magnitudes are small and can
be neglected [36]. In Figure 2, the schematic diagram of the PVDF film showing directions is illustrated.Sensors 2020, 20, x FOR PEER REVIEW 4 of 43 
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The ‘d’ coefficients are based on electrical surface charge density (C/m2) of the film subjected to
1 N/m2 of mechanical stress. We also consider T1, T2, and T3—tensile stresses and T4, T5, and T6—shear
stresses in directions 1, 2, and 3, respectively. The output electrical charge (Q) on the surface of the film
can be calculated based on the electrode area (A) as [37]:

Q = (d31T1 + d31T2 + d33T3)A. (2)

The piezoelectric output of the PVDF film depends on the direction of the applied external
stress [38]. The d33 coefficient is used when we consider stress exerted only in direction 3, or the
element has thickness:

Q = d33T3. (3)

If the film is not glued in the horizontal direction, and there is no stress in the thickness direction,
we use [39]:

Q = d31T1A. (4)

When the film is subjected to equal stress along with all three directions, the hydrostatic
piezoelectric coefficient dh, which is equal to the sum of d31, d32, and d33, should be used [7,23,24,40].

2.2. Preparation of Piezoelectric PVDF Films

PVDF with piezoelectric characteristics can be obtained by simple phase transitions, using a solvent
casting, by the addition of nucleating fillers, or the development of PVDF copolymers [41]. The phase
transition method usually involves the melting, drawing, and poling processes of the polymer in
high electric fields. The uniaxial drawing was first used by Kawai to fabricate β-phase PVDF [22,23].
The same method was used to obtain the nonpolar α-phase by conventional crystallization from the
melt [42]. The disadvantage of the phase transition method process is that the transformation from α

to β-phase PVDF is seldom complete, and about 20% of the α-phase remains in the material.
The method mentioned above is only suitable to fabricate several µm thickness films. However,

films with nanoscale thicknesses have been required in many applications as well, and therefore,
solvent casting methods such as electrospinning, solvent evaporation, and spin-coating were
gaining more attention. A thin polymer film can be fabricated from a diluted solution using a
spin-coating [43–45]. For example, Benz et al. produced PVDF films with 2 µm thickness by
spin-coating using dimethylformamide (DMF) with acetone used as the solvent [46]. As a result,
humidity conditions and spin speed were determined to be the main factors that affect the thin films’
surface roughness and the content of the β-phase.

Along with spin-coating, the solvent evaporation method is considered one of the simplest
methods to fabricate PVDF thin films, where the desired film is cast on a substrate with subsequent
evaporation of the solvent [47,48]. Diani et al. fabricated PVDF film with a high porosity, which resulted
in improved ionic conductivity of the material. However, due to the low piezoelectric coefficient,
pristine casted PVDF has a low content of β-phase [49–52]. Horibe et al., in their work, established
that the crystalline structure of the PVDF resulting from solvent casting is predominantly determined
by the solvent evaporation rate [53]. Other methods such as tape casting, hot pressing, template,
and phase separation were also intensively investigated. However, among disadvantages, we can
highlight; irregularity of shapes, cost, and complexity of the synthesis processes [52,54].

All the methods mentioned above require additional poling or mechanical stretching of PVDF
film to convert dipole directions to obtain the desired β-phase with a higher piezoelectric response.
Therefore, in comparison to them, electrospinning is a versatile and consistent technique that allows
nanofibers’ production from a liquid polymer solution or melt using electrostatic forces [55,56].
Typically, the apparatus consists of a high voltage power source, a spinneret, a syringe pump, and a
grounded collector [48]. As soon as the voltage is turned on, the applied electric field overcomes the
surface tension of the droplet, and the jet of polymer solution elongates on a conical shape called a
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Taylor cone. After it reaches the grounded collector, the solution evaporates by forming randomly
displaced thin polymer fibers. During the formation of the resulting fiber, the microstructure and
size can be modified by controlling various parameters [19,57]. In the sections below, we will further
discuss the electrospinning process parameters that directly affect the piezoelectric properties of the
obtained PVDF nanofiber film.

2.3. Characterization Techniques of PVDF Films

The obtained PVDF films are typically analyzed with the efficient characterization techniques
that allow understanding the structure, crystal phase of PVDF, porosity, and piezoelectric responses.
Therefore, here, we explained some of the characterization tools that can be used to evaluate the
chemical, physical, and piezoelectric properties of PVDF films.

ATR-FTIR spectroscopy. To evaluate the effect of the electrospinning on the formation of β-phase
PVDF, Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) can be
employed. The content of different phases (α and β) present in electrospun PVDF can be studied by
performing FTIR-ATR analysis. Gregorio et al. defined the equation for the relative fraction of the
β-phase in the PVDF material containing both α- and β-phases [58]:

F(β) =
Xβ

Xα + Xβ
=

Aβ
(Kβ/Kα)Aα + Aβ

=
Aβ

1.3Aα + Aβ
, (5)

where F(β) is the relative fraction of β-phase, Aα is absorbances at 766, 976, and 1240/cm, Aβ is
absorbances at 840 and 1274/cm, and Kβ and Kα are the absorbance coefficients of 7.73 × 104 and
6.13 × 104 cm2/mol, respectively [58,59].

XRD spectroscopy. Another common technique to examine the crystalline structure of electrospun
nanofibers is wide-angle X-ray diffraction (XRD). Generally, single peak at 2θ = 20.6◦ corresponds to
(110) and (200), while two peaks at 36.2◦ and 56◦ are responsible for the presence of (101) and (221)
planes of β polymorph. Since the intensities of α and γ polymorph peaks are also used to calculate the
relative fraction of desired β phase PVDF, we need to consider peaks at 20.2◦ and 39◦ angles associated
with (110), (002) planes of γ and α polymorph, respectively [60,61]. Numbers in parentheses are
corresponding Miller indices for crystal planes. The relative proportion of β-phase is calculated as
follows [61,62]:

Iβ
(Iα + Iγ + Iβ)

=
(I(200/110) + I(101) + I(221))

(I(110) + I(002) + I(200/110) + I(101) + I(221))
, (6)

where the Iα, Iγ, and Iβ mean the peak intensity for α, γ, and β-phases, respectively.
Tensile test. Tensile tests characterize the mechanical properties of electrospun nanofibers, such as

Young’s modulus and tensile strength. From the strain–stress curve, we look for necking and failure,
as well as elongation. The average diameter of nanofibers and the presence of other additives have a
significant effect on tensile properties [63,64]. It was reported that smaller diameter fibers contribute to
improved mechanical properties.

SEM/FE-SEM spectroscopy. The morphology of nanofibers is also studied from images taken
by scanning electron microscope (SEM) or field-emission scanning electron microscope (FE-SEM).
The latter has higher resolution, hence more detailed images, and greater energy range. The average
diameter and consistency of fibers, bead formation, and porosity can influence the quality and
piezoelectric properties of membranes [60]. Thus, the effect of electrospinning parameters and the
addition of nanofillers on the morphology of PVDF membranes is to be studied to improve the
piezoelectricity of nanofilms. According to literature, reduced fiber diameter increased porosity,
and absence of agglomerates are desirable to fabricate suitable samples [59,63].

Piezoelectric measurements. A digital oscilloscope, electrometer, and low noise preamplifier
are commonly used to measure output voltages of PVDF films for sensing or energy harvesting



Sensors 2020, 20, 5214 6 of 43

applications [61]. Since β-phase is the most electroactive phase, samples synthesized with the
electrospinning technique show higher voltage measurements [63].

These are the common electrospun PVDF film evaluation techniques present in most of the studies
discussed in this review.

3. Piezoelectric PVDF by Electrospinning

As has been mentioned, electrospinning is one of the simplest methods to prepare polymer
nanofibers, and so far, many works have been enthusiastic concerning the optimization of the process
parameters and used polymer types. As for PVDF nanofibers, the works presented in early 2000
have also discussed the effect of electrospinning on nanofibers’ properties [65]. With the increase of
interest in the piezoelectric properties of PVDF, promising results have been demonstrated to improve
the electric output of piezo PVDF by using only the electrospinning process. To obtain a targeted
outcome, it is important to understand how adjusting electrospinning process parameters influence
material properties. The parameters are usually grouped under three categories: solution parameters
(solution properties), processing variables (related to electrospinning apparatus), and environmental
conditions [65,66]. In this section, the relationship between the parameters and electrospun PVDF
nanofibers will be reviewed and summarized.

3.1. Solution Parameters

The morphology of PVDF nanofibers heavily depends on the initial polymer solution. Therefore,
by changing the solution concentration, the solvent systems, and the molecular weight of PVDF,
one can influence crucial factors such as viscosity, polarity, vapor pressure, and surface tension.
For example, increasing the concentration of PVDF in the solution will result in a higher viscosity
value and the diameter of the nanofibers [65]. Researchers can fabricate the desired piezo PVDF
nanofiber films according to their needs by understanding the effect of the individual variables in the
electrospinning approach.

Solution Concentration. There are four critical solution concentrations that affect the morphology
of nanofibers due to a change of the viscosity:

(1) The low viscosity caused by the low concentration leads to changing the electrospinning process
to electrospraying, which provides beaded nanofibers (Figure 3).

(2) As the concentration is increased, both beaded and fine fibers are obtained.
(3) The concentration is essential to obtain fine nanofibers.
(4) The concentration higher than the above-mentioned effective value for fine nanofibers provides

helix-shaped micro-ribbons.
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Zhao et al. studied the morphology of PVDF nanofibers concerning its concentration [67].
Their experiment’s findings provide the four critical concentrations for PVDF dissolved in 8/2
DMF/acetone (Figure 4). They suggest that a concentration value lower than 15% gives beaded fibers.
At 15%, almost all the fibers are smooth. A further increase in concentration facilitates the creation of
helical patterns (17–20%). This is caused by the surface tension, which increases with the viscosity.
When the surface tension value is too high, this disrupts the formation of uniform jets.
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Similar results were reported by Zaarour et al. [68]. Their recent paper looks in depth at the effect
of PVDF solution concentrations on the surface structure. Authors have shown that concentration is
one of the most significant factors for forming grooved nanofibers and porous structures (Table 1).

Table 1. Difference in evaporation rate (DER) of acetone (ACE)/N,N-dimethylformamide binary solvent
systems and morphologies of PVDF fibers electrospun from this system at different solvent rations and
polymer concentrations. Reprinted with permission from [68].

Polymer Solution DER (◦C) 4/1 2/1 1/1 1/2 1/4

10% (ACE/DMF) 97 Beads + smooth Beads + smooth Beads + smooth Beads + smooth Beads + smooth
15% (ACE/DMF) 97 Pillar grooves Grooves Rough Smooth Smooth
20% (ACE/DMF) 97 Pillar grooves Pillar grooves Grooves Smooth Smooth
25% (ACE/DMF) 97 Pillar single groove Pillar grooves Pillar grooves Smooth Smooth
30% (ACE/DMF) 97 Pillar grooves Pillar grooves Pillar grooves Rough Rough

Some studies examine how varying PVDF concentration influences the content of the β-crystalline
phase. Costa et al. [69], for example, investigated the transition of electrospinning to electrospraying at
low PVDF concentrations. Their observations show that the films obtained by electrospraying (caused
by low concentration of PVDF) have a less β-phase than the electrospun films (higher concentration).

The relationship between the β-phase content and the electrospun PVDF concentration was also
observed by Shao et al. [70]. Electrospinning the polymer dissolved in 4/6 DMF/acetone, they recorded
an increase of the content of theβ-phase from 78 to 85.9% when they changed the solution concentration
from 16 to 20%. However, higher concentrations cannot entirely affect a degree of crystallinity positively.

Solvent Systems. Many studies have reported that the solvent systems in PVDF solutions
significantly influence the electrospun polymer morphology and the content of the β-phase.
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Solvents with strong dissolving properties (DMF, dimethylacetamide (DMA), dimethyl sulfoxide
(DMSO), N-methyl-2-pyrrolidone (NMP)) are used for electrospinning. Binary solvent systems also
include co-solvents such as acetone and tetrahydrofuran (THF), which have volatile characteristics and
lower boiling points than the primary solvents. They are often added for changing the morphology and
the surface structure of PVDF nanofibers. However, due to the weak solubility of PVDF in low boiling
point solvents, these cannot be used alone. PVDF, dissolved in pure acetone or THF, frequently clogs
the syringe during electrospinning. This is caused by the high viscosity of the polymer solution.

For a PVDF solution at a low concentration dissolved in a high boiling point solvent, acetone is
usually added to decrease the viscosity and get more uniform, bead-free nanofibers. Zhao et al. [67]
attribute this result to the weak solubility of the polymer in acetone. Still, at high PVDF concentrations,
the viscosity increases with the amount of acetone because of its insolubility [68,71]. As a result, gel-like
solutions are obtained, which cause syringe clogging. Another property of the volatile solvents that
disrupts the traveling jet is their fast evaporation rate. The rapid drying of solvent during traveling from
tip to collector happens due to an excess amount of volatile solvent in a binary system. For instance,
a solvent with a high boiling point goes through rapid drying.

As solvent systems also determine the spinnability of PVDF solutions, finding the right amount
of a volatile solvent for a particular polymer concentration is essential. Zaarour et al. [68] reported that
the PVDF solutions dissolved in only strong solvents and binary solvent systems, including a volatile
solvent, were electrospun smoothly, without syringe clogging at concentrations lower than 15% (w/v).

The crystal structure of the resultant PVDF film depends strongly on the solvent’s evaporation
rate that can be controlled by changing the proportion of low and high boiling point solvents. At low
evaporation rates (a high fraction of a strong solvent), the solution crystallizes slower, which results
in the nucleation of the thermodynamically stable β-phase. When the crystallization occurs fast
(rapid evaporation caused by adding a volatile solvent), there is not enough time to form the stable
phase. Therefore, it yields the metastable α-phase [72]. Lei et al. also explain how different solvent
systems affect the fraction of PVDF phases in terms of mechanical drawing [73]. Stretching during
electrospinning could induce the β-phase in a well-dissolved solution, whose solvent evaporates at
appropriate jet solidification rates.

Meanwhile, a solution with a high content of a volatile solvent cannot undergo sufficient stretching
so that the resultant material will have predominantly α-phase. However, it was found that a certain
amount of acetone could enhance the β-phase content [74]. Even though PVDF is fully dissolved in
low boiling point solvents, their excess amount will decrease the fraction of the β-phase because the
solution is subjected to less elongation. Moreover, electrospinning fails to orient the molecular dipole
of the polymer if the solvent has low volatility [73].

Lei et al. [73] experimented with the proportion of various binary solvent systems of NMP, DMSO,
DMF, DMAc, and acetone in 16 wt.% PVDF solutions. As a result, they revealed the suitable ranges
of the solvent system ratios for creating uniform fibers with a high content of β-phase. The study
results for β-phase more than 90% were: NMP/acetone 2/8–6/4, DMSO/acetone 3/7–9/1, DMF/acetone
4/6–7/3, and DMAc/acetone 4/6–6/4. These findings are consistent with other works on improving the
crystal structure of PVDF. For instance, Saha et al. [75] manipulated the proportion of the DMF/acetone
solvent system to get a high content PVDF membrane acetone solvent for an efficient piezoelectric
sensor. The solvent ratio, which is found to be the most suitable, lies within the range presented in
Figure 5 [73].
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Molecular Weight. The selection of PVDF powder with a suitable molecular weight can determine
the resultant morphology and the piezoelectricity of electrospun PVDF films. The more the molecular
weight, the higher the values of viscosity and surface tension. These parameters are inseparable
due to the properties of the polymer chains. Chain entanglement, which prevents jet disruption,
is strengthened as the length of the polymer chains increase. This feature should be considered during
the analysis of the relationship between molecular weight and content of the β-phase. For example,
Haponska et al. observed the increase of the β-phase content with the decrease of molecular weight by
preparing PVDF membranes with a phase inversion precipitation method [76]. They found that low
molecular weights increase the amount of polymer chain entanglement, which improved the β-phase.
By contrast, raising the molecular weight of PVDF from 180,000 to 530,000 resulted in the enhanced
piezoelectric properties of the film prepared by the electrospinning method [77].

In this case, increasing the fraction of the β-phase by using PVDF with a higher molecular
weight was carried out successfully because of stretching the jet during the electrospinning process.
The polymer chains lengthened with the increase of molecular weight. As a result, the solution is
more viscous, and the volatile solvent evaporates slowly during electrospinning, giving more time
for the jet elongation. Under sufficient stretching, higher viscosity has more potential to restrict the
macromolecular orientation, which leads to a higher content of β-phase. Therefore, using other film
preparation methods, the β-phase fraction does not necessarily increase with the molecular weight
of PVDF. Zaarour et al. also observed how molecular weight choice influences the surface structure
of electrospun PVDF nanofibers. During the electrospinning process, a volatile solvent evaporates
rapidly from the jet, making it susceptible to buckling [77]. Water droplets condensate and penetrate
the core of the jet, further creating pores and wrinkles on the nanofibers (Figure 6).

Thus, at high values of molecular weight, long polymer chains give wrinkled fibers [78]. Moreover,
the fiber diameter also increases with molecular weight. The work demonstrated improved voltage
and current outputs of piezoelectric NG (PENG) by changing the PVDF molecular weight. The best
result was obtained at 530,000 M due to friction caused by a high wrinkled degree of the fiber surface,
and sufficiency of the β-phase.
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3.2. Processing Variables

Variables related to the electrospinning setup are considered to be processing parameters.
They include the applied voltage, the feed rate, the collector type, the tip-to-collector distance,
and the diameter of a needle [65]. Processing parameters are less contributory to fiber morphology
than the solution parameters. However, the proper balancing of the applied voltage, the feed rate,
and the tip-to-collector distance is crucial in forming uniform nanofibers.

Moreover, these parameters are responsible for the spinnability of the polymer solution. Their value
is limited within specific ranges: too high or too low values will lead to syringe clogging. The appropriate
range for the processing variables is determined individually, based on the solution, which will be
electrospun. Furthermore, they are often altered in order to achieve targeted results with optimal
characteristics. Thus, the processing parameters are not studied separately.

Voltage. Voltage plays a vital role in jet initiation and the formation of nanofibers. An appropriate
voltage value for the stable electrospinning process is chosen based on the polymer solution properties.
In many works, it varies within the range of 10–20 kV. It was found that changing the applied voltage
influences the fiber morphology, its surface structure, diameter, and even the content of the β-phase.

The findings on the effect of voltage on the resultant fiber diameter are controversial. Generally,
increasing the applied voltage makes the resultant nanofibers thinner, but when the voltage is too
high, the Taylor cone cannot be fully formed, which disrupts the stability of the jet [79–81]. As a
result, most of the solvent will not evaporate. This could also increase the fiber diameter and create
beads [82]. However, some researchers observed the decrease of the diameter at very high voltage
and suggested that insufficient bending instability is the main cause of the changing diameter [70,83].
Matabola et al. recorded interesting findings on the relationship between the applied voltage and
the diameter [83]. Raising the voltage from 12 to 16 kV increased the diameter of nanofibers from
a 22% PVDF solution. However, at 18 kV, thinner fibers were obtained. The work found that the
beaded fibers formed at 12 kV became more uniform with the voltage increase, which resulted in a
larger average diameter. A further increase to 18 kV eliminated the droplet at the end of the needle
tip, so the improved stretching decreased the fiber diameter. Because of this indirect connection,
other processing and solution parameters should be considered to assess the effect of voltage on the
electrospun fiber diameter.

The cases of increasing the β-phase fraction by raising the applied voltage have been recorded
in several studies [74,81,82,84,85]. However, the change is not significant; Gee et al. [74] assessed the
contribution of the voltage in the formation of the β-phase at 4.98%. Furthermore, as soon as the
voltage value reached its critical point, the content of β-phase started to decrease [85].
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Spinning distance. An optimal value for tip-to-collector distance is found according to the polymer
solution’s spinnability and the solvent’s evaporation rate. The jet traveling time, fiber stretching,
evaporation time for the solvent can be controlled by changing the spinning distance. Usually,
for electrospinning of PVDF, 10–20 cm distance is used. Varying the distance in this range does not
affect the resultant nanofibers significantly. However, it is confirmed that within a specific range,
increasing the distance helps to improve the uniformity of the electrospun fibers and decrease the
average diameter, but the influence of the parameter on the fiber morphology is slight [70,83,86,87].
Some findings even suggest the relationship between these two variables to be uncertain. For example,
Shao et al. [70] compared the samples obtained at distances between 9 and 15 cm. Although increasing
the distance made the fibers thinner, their morphology remained the same. A similar trend was
observed by Motamedi et al. [86]. By contrast, the spinning distance can determine the secondary
surface morphology of the fibers. Milkoreit and colleagues [88] have shown that by adjusting the
distance, porous, grooved, and rough surface structures can be obtained for PVDF nanofibers. Moreover,
it is found that the content of the β-phase and the spinning distance has a positive correlation [74].
This could be attributed to the improved mechanical stretching caused by the increased distance between
the needle and the collector.

Flow rate. The primary responsibility of the flow rate is to control electrospinning nanofibers.
When the flow rate value is lower than its critical point, the Taylor cone cannot be developed. In addition,
a high feed rate creates an unstable jet and leads to the disruption of the electrospinning [87]. As the
flow rate represents the amount of solution fed per unit time, it is preferable to use a slow flow rate to
give sufficient time for solvent drying and the polarization of the traveling jet [82]. Thus, the diameter
can be increased by a faster flow rate [86].

The experiment done by researchers has shown that the fiber diameter is not dependent on the
flow rate [55,80]. Furthermore, feeding more solutions led to the droplet increase at the needle tip,
which caused clogging [80].

The effect of the flow rate on the β-phase fraction is not well known. Ribeiro and co-workers [55]
reported that the content of theβ-phase increased slightly with the flow rate, but generally, its value was
stable when the rate was changed. Gee et al. [74] observed similar results. Even though the experiments
show that the flow rate contributes more to the formation of the β-phase than the tip-to-collector
distance, the effect of the parameter remains unclear.

Fiber collector. To the best of our knowledge, so far, no studies have been reported to explain the
direct relationship between electrospun PVDF nanofiber orientations and their piezoelectric properties.
Rather than the alignment, the effect of mechanical stretching and electrical poling changes is more
significant since they are responsible for inducing the β-phase and the preferred dipole orientation
during electrospinning [89]. Randomly oriented fibers can be obtained by using a fixed collector or
a rotary drum at low speed. For the fabrication of more aligned fibrous membranes, the rotation
speed is increased considerably. As a result, the polymer jet is subjected to more mechanical drawing,
facilitating the formation of the β-phase [90].

The studies on the aligned and randomly oriented piezoelectric PVDF nanofibers contradict each
other. Most of them report that the aligned nanofibers have better piezoelectric properties due to
enhanced stretching caused by high rotation speed [89]. By contrast, Zaarour and co-workers [78]
observed that both have similar β-phase content at the same morphology (Figure 7). However,
the aligned electrospun fiber mat had a higher electrical output. This should be ascribed to the fewer
air gaps between the aligned fibers and the larger friction area that improves the piezoelectric response.

Even though randomly oriented nanofibers undergo less stretching, some researchers found
that they show better piezoelectricity than the aligned ones [91]. This could be related to the dipole
orientation of the polymer. Unlike near-field electrospun (NFES) PVDF nanofibers, the fibers prepared
via far-field electrospinning (FFES) may require additional post-poling treatment, because when the
stretching force and electric field are in the same direction, the process cannot induce the dipole
orientation properly [92,93]. Despite this fact, some studies suggest that aligned piezoelectric PVDF
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nanofibers can be obtained without the treatment. Yu et al. [89] obtained aligned fibrous membranes
with good piezoelectricity using only conventional FFES. Insufficient poling can be avoided by choosing
optimal configurations, which can be found through altering solution parameters such as solvent
system and concentration. Furthermore, a suitable combination of the flow rate and the rotation speed
should be applied to keep the traveling jet constant.
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3.3. Environmental Conditions

As all the experiments on electrospinning PVDF have been conducted in a laboratory environment,
the ambient conditions (humidity, temperature, pressure) are usually neglected. However, changes in
the surroundings have an effect on the electrospinning process [56,65]. The role of the environment
in the formation of electrospun nanofibers has not been thoroughly studied, due to difficulty of
control. However, a few research works demonstrate how varying ambient parameters influence the
morphology of electrospun PVDF nanofibers.

Temperature. Most of the studies on electrospun PVDF are performed at room temperature,
and the ambient temperature is assumed to be constant throughout the experiment. Some studies
suggest that the ambient temperature determines the diameter of electrospun nanofibers by affecting
the spinning process [94]. The relationship between the temperature and electrospun PVDF nanofibers
was observed by Huang et al. [95]. The authors studied the crystallinity and morphology of the fibers
prepared at various temperatures. It was found that increasing ambient temperature decreases the
diameter of the PVDF nanofibers. This is related to the susceptibility of viscosity to the changes in
ambient temperature. As it rises, viscosity decreases, which results in thinner nanofibers due to better
jet stretching. The elongation also eliminates beads and provides more uniform nanofibers, but the jet
becomes unstable at very high temperatures, and beads could appear again (Figure 8).

Similar results were observed for other polymers such as poly(vinylpyrrolidone) (PVP) and cellulose
acetate (CA) [94]. Besides, Huang et al. [95] confirmed that the room-temperature electrospinning is
favorable for excellent piezoelectric properties. Comparing theβ-phase fraction of PVDF films electrospun
at different ambient temperatures, which initially had identical solutions, confirmed that it maximizes at
25 ◦C, then drops with a further increase of temperature. According to the studies, at 25 ◦C, the solidification
time is sufficient for the crystallization process (formation of β-phase).
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(b) 15 ◦C, (c) 25 ◦C, (d) 35 ◦C, (e) 45 ◦C. Reprinted with permission from [95].

Humidity. It was found that humidity is a crucial factor that could determine the surface structure
of electrospun nanofibers [56,65]. High relative humidity (RH) facilitates the formation of pores on the
fiber surface, whereas, at average humidity, smooth nanofibers can be obtained. The susceptibility of
morphology to changes in humidity can be attributed to the condensation of water droplets and the
evaporation of volatile solvents. As the condensed water on the fiber surface dries slower with the
increase of RH, the number of merged droplets increases, which gives macropores [96]. Since the solvent
evaporation is dependent on humidity, it also affects the spinnability of a polymer solution. For instance,
in a dry condition, a solvent evaporates rapidly, leading to the disruption of the traveling jet [56].

The effect of humidity on electrospun PVDF nanofibers is usually neglected in studies that focus
on the piezoelectricity of the polymer. However, several recent papers investigate the relationship
between relative humidity and the morphology of electrospun PVDF fibers.

Zaarour and colleagues [96] thoroughly studied the effect of humidity on the secondary surface
morphology of PVDF nanofibers. By electrospinning, the polymer dissolved in single and binary
solvent systems (DMF/acetone) at a different RH (5, 25, 45, 65%), so establishing the factors which
cause porous, rough, grooved surfaces, and interior pores [96]. At 5% RH, all solutions provided
smooth nanofibers without phase separation. At the RH of 25%, interior pores were introduced.
Nanofibers with a porous surface and interior pores, obtained from the solutions dissolved in pure
acetone, were affected by thermal and vapor induced phase separation.

In contrast, rough fibers from the solutions dissolved in DMF were produced because of vapor
induced phase separation (Figure 9). The binary solvent systems gave grooved and rough surfaces.
The surface of the resultant nanofibers became rougher by increasing the fraction of DMF. The fiber
diameter was also found to be affected by humidity. For example, for PVDF electrospun from acetone,
increasing the RH from 25 to 65% led to the diameter change from ~50 to ~400 nm, respectively.
The increase in the diameter with RH was also observed in the work of Cozza and co-workers [97].
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Kim et al. [98] emphasized the importance of RH in creating three-dimensional (3D) cotton-like
piezoelectric scaffolds, which can be applied in tissue engineering. By regulating humidity with an
air conditioner and dehumidifier, they found that high RH (>90%) can help develop 3D cotton-like
constructs. Comparing the electrospun samples of the same material, but prepared at different humidity,
showed that a more defined 3D cotton-like fibrous structure is obtained at higher RH, which can be
attributed to the increase in the electrostatic repulsion force.

Table 2 summarizes all the discussed parameters of the electrospinning process and their effects
on the obtained PVDF. The table helps to understand the importance of each parameter when obtaining
high piezoelectric performance PVDF film.

Table 2. The effect of electrospinning process parameters.

Parameters Effect Ref.

Solution

Solution concentration

-Increasing PVDF concentration will result:

• In a higher solution viscosity
• Surface tension
• Rise of the nanofiber diameter

-At low concentrations:

• Electrospinning can change to electrospraying
• Negatively influence on β-phase content

[67–70]

Solvent systems

-Solvent systems determine:

• The spinnability, viscosity
• The surface tension of a PVDF solution
• Uniform nanofibers
• Enhanced properties in β-phase

-PVDF dissolves in strong and high boiling point solvents
-Morphology changes by adding volatile solvents

[67,68,71,73]

Molecular weight

-A higher PVDF molecular weight results:

• Increase of viscosity and surface tension
• Change in the surface structure of nanofibers
• The content of β-phase increases
• Fiber diameter expansion
• Prevents jet disruption

[76,77]



Sensors 2020, 20, 5214 15 of 43

Table 2. Cont.

Parameters Effect Ref.

Processing variables

Voltage

-Voltage settings influence on:

• Creation of nanofibers
• Minor contribution to the content of β-phase

and morphology

-An excessively high voltage leads to:

• Instability of jet
• Slowing down of the evaporation rate of a solvent
• Beaded, non-uniform fibers with small diameters

are obtained

[70]

Feed rate

-High/Low feed rate settings influence on:

• Properties of a PVDF solution (viscosity)
• Taylor cones cannot be developed at a low rate
• High feed rate creates an unstable jet and disruption

of electrospinning
• Increased feed rate leads to the formation of β-phase and

provides more uniform nanofibers

[87]

Tip-to-collector distance

-Increasing the distance gives more time for jet traveling
which results in thinner, bead-free nanofibers
-Tip-to-collector distance is usually chosen within the
range of 10–20 cm
-At the room temperature (25 ◦C), a PVDF film was found to
have maximum β-phase content
-Fiber diameter decreases with a rising ambient temperature

[83]

Environmental conditions

Temperature
-Fiber diameter decreases with a rising ambient temperature
-At the room temperature (25 ◦C), a PVDF film was found to
have maximum β-phase content

[95]

Humidity

-Humidity range affects:

• The surface structure of PVDF nanofibers by
creating pores

• Fiber diameter
• Smoothness of nanofibers
• In a dry condition, a volatile solvent evaporates rapidly

which leads to syringe clogging

[96–98]

4. Additives to Improve Piezoelectric Properties of Electrospun PVDF

We have highlighted the effect of the different parameters on improving PVDF nanofiber films
obtained by electrospinning. However, to advance the actual application of such piezoelectric
devices, more studies are required to enhance the potential output of PVDF films further. Recently,
the involvement of additional materials as nanofillers of metal oxides, Gr, or graphene oxide (GO)
is gaining much attention. Mokhtari et al. demonstrated the influence of the various additives
(ZnO, CNT, LiCl, PANi) and compared them for their credibility for application purposes [99].
FTIR, SEM, an Impedance analyzer, and a traction-compression machine were used to evaluate
performances in PVDF film improvement. The highest β-phase formation was observed after adding
CNT nanoparticles, and accordingly, a higher output voltage (0.9 V) for the electrospun web was also
observed. Since different additives will show different results, this section divides reported works into
barium titanate (BaTiO3 or BT), Gr/GO, nanoclays, CNT, and other additives subsections.

Barium Titanate. BT is an attractive filler as it has a large surface area and facilitates β-phase
formations due to existing defects. From the reported works, it can be concluded that BT ceramics
would facilitate β-phase nucleation and accordingly improve the piezoelectricity of the PVDF films [97].
Additionally, BT has a higher piezoelectric strain coefficient, and that combined with flexible polymer
matrices such as PVDF will avoid cracking of devices under mechanical deformation [100].

Sharafkhani et al. demonstrated the preparation of PVDF nanofibers with the addition of BT [101].
The authors could obtain smooth and uniform polar β-phase PVDF nanofibers with an average
diameter of less than 100 nm. The solution mixture of DMF/acetone in the ratio of 50/50 was used
to solve both PVDF and BT. The amount of BT was between 0.4 and 0.8 wt.%. On the other hand,
a DMSO/acetone solvent mixture was used with a higher BT (20 and 25%) powder to prepare a PVDF
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film by Hussein et al. [102]. This work demonstrated that the addition of BT to the electrospinning
process of PVDF promoted β-phase crystallization over α-phase.

Although the additive BT enhances the generation of β-phase crystallization in PVDF films,
the problems of dispersion of larger ceramic particles are not uniform. The electrospinning process
requires a high electric force, which could agglomerate BT in solution. As one of the remedies,
Ramesh suggests ultrasonication steps to disperse polar ceramic particles in a polymer solution [103].
The formation of desired β-phase PVDF was shown with a sample of 3 wt.% BT addition. Moreover,
the capacitance increased significantly for BT/PVDF samples compared to pure PVDF [102].

Corral-Flores et al. also demonstrated a preparation route of electrospun PVDF/BT nanofibers in
a DMF [104]. The morphology studies by SEM showed PVDF/BT fibers; however, additional beads
were also present in the obtained results. The increase of concentration of BT in solution increased the
diameter and amount of existing beads in the samples. All samples showed the presence of α, β, γ
phases of PVDF. The authors further added tetraisopentyl ammonium chloride (TIPAC) to BT and
obtained close to pure β-phase crystallization.

Baji and his co-authors implemented a combination of sol-gel and electrospinning methods [64].
BT was also synthesized by electrospinning and further heat-treated at 750 ◦C, and the DMF solution was
used to disperse both as-prepared BT fibers and PVDF powder. SEM and TEM images demonstrated
that BT fibers were located within PVDF fibers (Figure 10). A Piezo-response force microscopy (PFM)
was used to confirm the increase of a piezo-response of PVDF fiber where BT fiber was present.
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Sun and his co-workers reported excellent results with BT nanowires (NWs) in PVDF film for
wireless piezoelectric devices [100]. BT NWs were prepared by heating in the Teflon reactor for
24 h. Further, the DMF/acetone solution was ultrasonicated with BT NWs and PVDF before the
electrospinning process. FTIR and XRD analyses confirmed the enhancement of the β-phase PVDF.
The output current of the piezoelectric pressure sensor was found to increase with an increase in the
content of BT NWs. It was connected to the increased NWs connection network, enlarged with an
increased BT additive amount.

Other electrospun PVDF/BT nanofiber webs were reported by Chunmal et al. with DMF/acetone
solvent [105]. FTIR investigations illustrated that the obtained samples of PVDF and PVDF/BT both
have α- and β-phases of PVDF. Only the intensity of the β-phase is enhanced with the addition of
BT nanoparticles.

To further improve the piezoelectric output of PVDF films, more additives besides BT were
used for the electrospinning approach. For instance, recently, BT was combined with ZnO, SWCNT,
or Gr [106]. ZnO, as well as BT, is an excellent piezoelectric material with quite high dielectric value.
Therefore, the work of Sabry et al. achieved promising results with the combination of PVDF with
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ZnO and BT nanoparticles. DMSO/acetone solution was used to solve all three components, and FTIR
confirmed the formation of β- and γ-phases [106].

Similar to ZnO, Gr is believed to improve the dispersion of BT through the reduction of nanoparticle
agglomeration. Moreover, Gr helps to make more stress-resistant PVDF fibers, which allow applying
higher stress values and accordingly to obtain higher voltage output. The high electrical conductivity
of Gr also provides better charge transfer, further contributing to additional piezoelectricity [107].
Several works have been reported on the application of both BT, Gr, or carbon-based materials. Shi and
co-workers [107] used a solvent of DMF/acetone to disperse PVDF, BT, and Gr nanosheets to prepare
fiber mats with 18–20 µm thickness. SEM and TEM were used to check the electrospun mats for the
surface and morphology changes with the addition of BT and Gr. The smooth and uniform fibers of
PVDF went through modification into rougher and enlarged fiber diameters and beads. The XRD and
FTIR results show that with the addition of Gr, the formation of the β-phase is visually detectable.
The piezoelectric test of PVDF with different amounts of added BT and Gr showed that BT nanoparticles
efficiently improved the PENG performance at the 15 wt.%. That value was fixed for BT, and Gr was
varied to achieve the highest voltage output from the PENG device. The open-circuit voltage and the
maximum electric power of the nanocomposite fiber PENG with 0.15 wt.% Gr and 15 wt.% BT can
reach 11 V and 4.1 µW under a mechanical strain of 4 mm at 2 Hz.

Figure 11 demonstrates the mechanism of formation of β-phase on the surfaces of BT nanoparticles
and graphene nanosheets [107]. The authors investigated the different effects of BT and graphene in
the formation of β-phase PVDF. For instance, both BT nanoparticles and graphene attract PVDF chains
to crystallize on their surfaces due to the interfacial interactions. That facilitates the transformation
of α-phase into the β-phase. According to the mechanism, the BT nanoparticles and graphene act
not only as nucleating agents. However, also provide the substrates for PVDF crystalline β-phase
through strong interactions at the interfaces. Yet, the orientation of the -CH2/-CF2 dipoles are different.
From the schematic illustration, we can see that with the addition of BT to PVDF, stronger O-HF-C
hydrogen atoms will form. It is believed to form due to the high polarity of hydroxyl groups, and as a
result, oriented -CH2/-CF2 dipoles favor orienting along with the F atoms closer to the BT nanoparticles,
which is characteristic of the β-phase [108].
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During the addition of graphene to the PVDF, in this case, H atoms of -CH2/-CF2 dipoles eager to
approach the graphene surface. This phenomenon has been explained by the electrostatic interaction
between the graphene layers formed by sp2 hybridized high-electronegativity (2.55) C atoms in
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graphene and the low-electronegativity (3.98) H atoms in PVDF chains [107]. The formation of
β-phases was linked to the interaction between the graphene and PVDF molecular chains. The dipolar
intermolecular interaction between DMF and PVDF at the polymer crystallization process was induced
by graphene as a nucleation agent. The strong C-F bond dipoles are rotated by polar moieties of DMF
around the C-C bonds and made the PVDF chains attach on the graphene surface [72]. As a result,
the crystallization of β-phase in the PVDF is increased when compared with the pure PVDF nanofibers.

Kim et al. have tried to check the PVDF application with BT and multiwalled-carbon nanotubes
(MWCNT) by the electrospinning process. The solution was prepared with DMF/acetone, where PVDF,
BT, and MWCNT were thoroughly dispersed [98]. Such an approach obtained 3D cotton-like scaffolds
depending on the RH during the fabrication procedure. However, XRD and FTIR analyses confirmed a
decrease in the β-phase of the PVDF with significantly less piezoelectric voltage output. Although BT
nanofillers’ addition obtained improvements, the optimization of process parameters is still required
to receive uniform electrical output during stress and strain deformations.

Graphene/Graphene Oxide. Among the organic additives, Gr, and its oxide (GO, reduced graphene
oxide (rGO)) are widely studied materials. Several research groups have been extensively investigating
the effect of the addition of Gr in different forms on the mechanical, morphological, and electrical
characteristics of electrospun PVDF nanofibers. In theory, pi bonds in Gr interact with fluorine atoms in
PVDF, improving the formation of the β-phase [108].

Abolhasani et al. first demonstrated improved piezo-response of PVDF nanosheets by adding
Gr [109]. They added different amounts of Gr from 0 to 5 wt.% to DMF/PVDF solution followed
by ultrasonication. Since Gr increased charge density of the solution, resulting fibers had a smaller
diameter, and only a few beads were found. The authors reported the highest proportion of β-phase,
as well as a significant voltage increase (from 3.8 to 7.9 V) at 0.1 wt.% Gr content. Interestingly, it was
demonstrated that adding more than 5 wt.% decreases the output voltage.

Wu and Chou also confirmed the enhancement of piezoelectricity of PVDF by Gr nanofillers [110].
They prepared a PVDF/DMF solution (2.2 g/6 mL) and sonicated to remove beads, while another
solution of Gr/DMF was treated in the same way. Then, the mix of solutions, with an added 4 mL of
acetone for better evaporation, was electrospun and collected on an ITO/PET substrate. As shown in
Table 3, electrospun PVDF/Gr has the highest piezoelectric coefficient, although the β-phase content
is slightly lower than pure PVDF nanofibers. The improvement was contributed by the interfacial
polarization between Gr particles and PVDF.

Table 3. F(β) values and piezoelectric coefficients of the PVDF samples. Reprinted with permission from [110].

Sample F(β) (%) d33(pC/N)

Unstretched PVDF film 14 10.5
Stretched PVDF film 52 11.7

ES PVDF 83 15.2
ES PVDF/Gr 76 19.2

The study by Abbasipour et al. examined the effect of nanofillers such as Gr, GO, and halloysite
nanotubes (HNT) on piezoelectric and pyroelectric properties of PVDF nanofibers [108]. They prepared
a PVDF membrane by the conventional electrospinning technique by adding 0.05, 0.4, and 1.6 wt.% of
nanofillers, and prepared sandwich structured NG using Al foils and polycarbonate sheets. It was
found that among the additives, 1.6 wt.% GO contributes to the highest increase in the output voltage of
NG from 1 to 2.5 V. Moreover, the addition of Gr structures improves thermal stability and mechanical
properties of NGs, which makes them prospective energy harvesters.

Ongun and co-workers also showed improvements in the piezoelectric characteristics and energy
harvesting capacity of PVDF by adding GO and rGO (Figure 12) [111]. The solution was prepared
with the following concentrations: 10 mL PVDF mixed with DMF/acetone 1/1 scale and GO/rGO in
2 different concentrations of 4 and 8 mg (0.4 and 0.8 wt.%). The sandwich structured nanogenerator
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was constructed, and the output results under finger-tapping action with a frequency of ~5 Hz,
were observed about 4.38 V with 0.8 wt.% rGO solution.Sensors 2020, 20, x FOR PEER REVIEW 20 of 43 
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Nanoclays. In recent years, it has been reported that nanoclays can improve the electric properties
of PVDF nanofibers. Nanoclays act as a nucleating agent to form an electroactive β-phase. It was
shown that higher voltage output and power were obtained due to the nanoparticle in PVDF fibers as
the crystallization of PVDF chains were formed on top of the added silicates [112].

Yu and Cebe first studied the morphology of PVDF/nanoclay films produced by the electrospinning
method in 2009 [113]. They dissolved different amounts of PVDF/nanoclay (0, 0.2, 1, 5, and 10 wt.%)
in a DMF/acetone mixture (4/1) followed by constant stirring for 2 days before electrospinning.
Lucentite STN and SWN were used as nanoclay additives. As can be seen from SEM images (Figure 13),
fibers from nanoclay samples have more uniform and smaller diameters than pristine PVDF nanofibers,
which have irregular beads (Figure 13a). It was explained by the fact that nanoclays increase the
viscosity and conductivity of the solution.
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Figure 13. SEM images of electrospun composite nanofibers of PVDF/nanoclay with different nanoclay
contents: (a) 0.0 wt.% (pure PVDF); (b) 0.2 wt.% STN; (c) 1.0 wt.% STN; (d) 5.0 wt.% STN; (e) 10.0 wt.%
STN; (f) 1.0 wt.% SWN; (g) 10.0 wt.% SWN. Electrospinning voltage is 20 kV and source-to-collector
distance is 10 cm. The scale bar represents 2 microns. Reprinted with permission from [113].

Wide-angle X-ray scattering (WAXS) and FTIR analyses were conducted to test the proportion of
electroactive phases of PVDF in the nanofilms. According to the WAXS spectra, at 10 wt.% of STN the
β-phase peak intensifies, whereas the α-phase peaks at 18.6◦ and 27.1◦ almost vanish. In addition, it is
known that STN is more effective than SWN for enhancing the formation of the β-phase crystals as it
contains ionic modifiers [113]. Similar studies were conducted by other researchers as well [114,115].
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Xin and colleagues introduced a flexible, highly efficient, and reproducible piezoelectric sensor
based on a PVDF/nanoclay nanofilm [116]. After the solution (5 wt.% Nanomer I.44P nanoclay) was
ready, the nanofilm was prepared by ‘near distance-wheeling’ electrospinning, which means unlike
conventional electrospinning, the tip-to-collector distance was set to 3–5 cm. As a result, they obtained
uniform and well-aligned nanofibers with a high proportion of β-phase polymer, which was confirmed
by FTIR and XRD analyses. The fabricated piezoelectric sensor from electrospun PVDF/nanoclay film
showed a 2.76 V peak voltage, in contrast to 0.78 V from pristine PVDF fibers.

A more recent study by Tiwari et al. also confirmed the enhancement of the piezoelectric property
of PVDF by adding nanoclay and demonstrating an impressive 78 V peak-to-peak voltage and power
density 68 mW/cm2 [112]. Adding 15 wt.% of nanoclay (Cloisite 30B) as a filler exhibits formation
of the highest content of electroactive phase PVDF (about 90%). The addition of more than 15 wt.%
nanofiller leads to the formation of beads, hence decreasing the piezo-response of nanofibers.

Hosseini and Yousefi studied the synergistic effect of nanoclay (Cloisite 30B) and MWCNT and
concluded that nanoclay had a higher impact on enhancing the β-phase content in comparison to
the nanotube [59]. The conventional electrospinning technique prepared nanofiber mats at different
compositions of additives (0.05, 0.075, and 0.1 wt.% Cloisite 30B and 0.05, 0.075, and 0.1 wt.% MWCNT,
respectively). DMF/acetone at a ratio of 6/4 was chosen as solvents. FTIR results showed that the
sample with 0.1 wt.% nanoclay and 0.05 wt.% MWCNT has the highest β-phase content at 87.2 %.
Since more β-phase crystals imply an enhanced piezoelectric effect, it was confirmed that this sample
exhibits superior output voltage and sensitivity, as shown in Table 4. A high percentage of β-phase
may result from the nucleation effect of positive CH2 dipoles of PVDF and negative nanoclay charges.

Table 4. Output voltage p-p (peak to peak) and piezoelectric characteristics of hybrid nanocomposites.
Reprinted with permission from [59].

Samples A A/0.05CNT/0.1clay A/0.075CNT/0.075clay A/0.1CNT/0.05clay Film

Average thickness (µm) 70 ± 2 60 ± 2.5 65 ± 2 64 ± 1.5 100 ± 7.5
Mean Voltage (V) 6.86 ± 0.5 8.7 ± 0.38 7.42 ± 0.35 6.65 ± 0.45 7.2 ± 0.7
Normalized Output Voltage (V/µm) 0.100 ± 0.007 0.145 ± 0.01 0.118 ± 0.0065 0.104 ± 0.005 0.072 ± 0.01
Average input (N) 5.54 ± 0.67 5.3 ± 0.5 5.48 ± 0.82 5.26 ± 0.45 5.43 ± 0.9
Output (mV)(p-p)/150 45.7 ± 3.5 58 ± 2.5 49.5 ± 2.3 44.3 ± 3 48 ± 4.7
Sensitivity (mV/N) 8.25 ± 1.2 10.9 ± 1.25 9.03 ± 1.6 8.4 ± 0.86 8.84 ± 1.57
Normalized Sensitivity (mV/µmN) 0.118 ± 0.013 0.182 ± 0.025 0.139 ± 0.027 0.131 ± 0.012 0.089 ± 0.011

Carbon nanotubes. In improving the piezoelectric output of PVDF nanofibers, CNTs can also be
considered as a potential additive. It was reported that CNT is responsible for nucleation of crystal
structure, thus increasing the desired β-phase. Moreover, high tensile strength and aspect ratio of
nanotubes combined with their excellent thermal stability (heat resistance up to 1000 ◦C) make them
favorable in the application of piezoelectric polymers such as NGs, sensors, actuators, etc. [117].

Huang et al. studied the effect of CNT on the morphology of nanofibers prepared by the
electrospinning method [118]. Tiny amounts of CNT (0.01 and 0.1 wt.%) were dispersed in a
PVDF/DMF/acetone suspension while sonicating and kept stirring for 2 days to achieve a homogeneous
blend. Both XRD and FTIR results revealed that the nanofilm with SWCNT had dominant β-phase
angles and bands compared to pure PVDF.

At the early stages of research on this additive, the output voltage from single layer nanofibers
doped with CNT was about 8.5 mV, whereas the average output power was merely 7.2 pW. It should
be noted that nanofibers were obtained by NFES technique, setting the tip-to-collector distance to
1 mm and applied voltage to 1–1.2 kV [21]. Yu et al. examined the impact of the addition of MWCNTs
on the improvement of mechanical and piezoelectric properties of fibers [119]. They dispersed various
concentrations (3, 5, 7, and 10 wt.%) of MWCNTs and PVDF powder in a DMF/acetone combined
solvent followed by conventional electrospinning. It was found that the maximum content of the
β-phase (68.4%) is formed at 5 wt.% of nanofiller. Correspondingly, the highest output voltage of
6 V was recorded from this sample compared to about 2 V from a neat PVDF mat. It is believed that
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improving the surface and volume conductivity by adding CNTs resulted in better output. However,
it was found that when the volume conductivity increases at a faster rate, the performance of the
nanofibers may decrease (Figure 14).
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acetone, and fluorosurfactant (ZONYL®UR) was used to solve PVDF. The weight ration of added 
MWCNT varied from 0.01 to 0.05 wt.%. Compared with PVDF thin film, PVDF/MWCNT fiber 
produced by the NFES process has a higher degree of crystallinity and better orientation of molecular 
chains. When MWCNT in PVDF solution increases to 0.05 wt.%, the resulting fibers exhibit numerous 
cracks and large pores on the surface. XRD analysis of the PVDF fibers with 0.03 wt.% MWCNT 
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Figure 14. (a) The volume and surface conductivities of polyvinylidene fluoride (PVDF)/multiwalled-
carbon nanotubes (MWCNTs) nanofiber mats for different concentrations of MWCNTs dosages;
(b) schematic diagram of PVDF/MWCNTs nanogenerator without stress; (c) working schematic of
the PVDF-3% CNTs and PVDF-5% CNTs nanogenerators under stress; (d) working schematic of the
PVDF-7% CNTs and PVDF-10% CNTs nanogenerators under stress. Reprinted with permission from [119].

It was later confirmed that the β-phase content of electrospun PVDF/CNT mats was about 89%,
whereas the piezoelectric coefficient d33 was calculated as 31.3 pC/N. Wu et al. prepared three different
samples by electrospinning: (a) pristine PVDF collected on a fixed plate; (b) pristine PVDF with a
rotating collector; and (c) PVDF/CNT with a rotating collector [90]. The use of a rotating collector
during electrospinning had a more significant effect on improving the electric output of nanofibers
since the difference between the aligned PVDF, and the aligned PVDF/CNT voltage measurements were
not significant. However, it was reported that incorporating CNT improves mechanical properties such
as higher tensile strength. The enhanced piezoelectric property can be explained by the fact that the
rotating drum stretches fibers even more, while CNT increases the conductivity of the solution [120].

The electrospinning technique using NFES with the MWCNT additive was performed by
Liu et al. [121]. Compared to the traditional electrospinning method, NFES requires a small electric
field to produce fine fibers. In this case, the gap between the collector and the tip was 0.5–1.0 mm.
DMSO, acetone, and fluorosurfactant (ZONYL®UR) was used to solve PVDF. The weight ration of
added MWCNT varied from 0.01 to 0.05 wt.%. Compared with PVDF thin film, PVDF/MWCNT fiber
produced by the NFES process has a higher degree of crystallinity and better orientation of molecular
chains. When MWCNT in PVDF solution increases to 0.05 wt.%, the resulting fibers exhibit numerous
cracks and large pores on the surface. XRD analysis of the PVDF fibers with 0.03 wt.% MWCNT
shows a high diffraction peak at 2θ = 20.8◦, which is characteristic of the piezoelectric crystal β-phase.
From this study, we could again confirm that the additive ratio is critical to maintaining an improved
piezoelectric response in PVDF films. When the amount passes the structural arrangements in PVDF,
the morphology will show more beads and cracks in nanofibers resulting in the poor formation of
β-phase. One of the reasons for the non-uniform nanofibers is in the higher viscosity of the solution
due to the additives.
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Other additives. Bhuga et al. introduced another additive to enhance the β-phase PVDF polymer
by mixing diisopropyl ammonium bromide (DIPAB) [122]. By analyzing samples with different
concentrations of DIPAB (5, 10, and 24 wt.%), it was discovered that with the addition of 5 wt.%
additive, the relevant dielectric constant of PVDF polymer increased from 8.5 to 102.5.

Yousry et al. reported a pronounced effect of additive as hydrated salt (Al(NO3)3·9H2O) on the
formation of the β-phase of PVDF [123]. Among various concentrations used (8–16 wt.%), the 8 wt.%
composite showed the best result in piezoelectric properties as effective strain and voltage coefficients,
d33(eff) of −116 pm/V and g33(eff) of −1180 V mm/N were obtained, respectively. FE-SEM images
suggested that fibers’ diameters were reduced, and the formation of beads was eliminated, leading to a
higher charge density (Figure 15).
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Figure 15. FE-SEM micrographs of the dried electrospun PVDF fibers (a) without Al (NO3)3·9H2O,
(b) with 8 wt.% Al (NO3)3·9H2O, and (c) with 16 wt.% Al (NO3)3·9H2O. Reprinted with permission
from [123].

Barstugan and colleagues reported using a combined solution of polybenzoxazole (PBO) and
Gr to produce composite nanofibrous piezoelectric materials for the first time [124]. The additives
increased the piezoelectric performances by generating a high voltage of about 60 V. Another unique
blend was studied by Khalifa et al. to fabricate polymers to create sandwich-based flexible devices that
can produce sufficient electrical energy to power up microdevices.

The authors investigated the effect of PANi/HNT/PVDF nanocomposite on the piezoelectricity of
obtained films [125], where HNT and PANi performed the roles of nucleating agent and conductive
filler, respectively. The obtained output voltage was 7.2 V with a maximum current and power density
of 0.75 µA and 0.25 µW/cm2, respectively.

Li et al. reported a one-dimensional (1D) silver nanowire dopant (AgNWs) as an additive for
PVDF. AgNWs possess high conductivity, leading to enhanced piezoelectric characteristics of PVDF
films [126]. Issa et al. performed another study to highlight the Ag additive effect on the increase of
the content of the β-phase in the electrospun PVDF [127]. The authors introduced Ag nanoparticles
(AgNPs) in different concentrations (0–1.0 wt.%) to observe that the 0.4 wt.% of AgNPs exhibited the
highest dielectric constants. These have excellent potential for sensor and NG applications. We believe
more works on additives to the PVDF films are in progress as they give very positive effects on the
electrical output of piezoelectric nanofibers.

Haddadi et al. demonstrated the effect of the SiO2 nanoparticle loading of PVDF nanofibers [63].
SiO2 with the 20–30 nm particle size at 0.5, 1.0, and 2.0 % (w/w) concentrations were first dispersed in
DMF solvent using high power probe sonication, and then PVDF pallets were added. Interestingly,
the solvent evaporation of composite nanofibers decreased with the addition of SiO2 nanoparticles—a
process followed by the formation of more beads in the electrospun composite nanofibers. The reasons
for the slower solvent evaporation with SiO2 nanoparticles were linked to the increase in solution
viscosity, as well as to the formation of Si-O-Si bonds in the polymer matrix. Although, ATR-FTIR
analysis showed that the intensity of peaks corresponding to the α-phase decreased, while at higher
than 0.5 wt.%, SiO2 nanoparticles ratio led to lessβ-phase contents. This work confirms that the amount
and size of the added nanoparticles play a significant role in the nucleation process of electroactive
β-phase PVDF.
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In general, it is challenging to identify an explicit relationship between electrical output and
addictive aspect ratio due to many various determinants such as the diameter of nanofibers,
the conductivity of the material, β-phase formation, and morphology. It often turns out that after the
addition of nanofiller, loading beyond a certain concentration causes the opposite effect, in the form
of a small electrical output. In the case of GO, where authors compared the 0.4 wt.% and 0.8 wt.%
concentrated PVDF composite, the higher percentage of GO (0.8 wt.%) resulted in reduced dielectric
constant and low electric potential. Authors explained that 0.8 wt.% composite has more functional
groups attached to carbon atoms than 0.4 wt.%, which leads to the decreasing of electron movement in
the structure [111].

In addition, when a particular additive is overused, the morphology structure worsens, by forming
different beads, and defects. As the diameter of nanofibers increases, it might be explained that it
leads to the severe agglomeration of additives that causes an outflow of charges [112]. Using the
MWCNT as a nanofiller, another research records the widening of the fiber diameter distribution
during over-addition at 7 and 10 wt.%. The crystallinity structure and β-phase proportion of the fibers
decreased because of this aggregation, compared to 5 wt.% MWCNT concentration [119].

Through these reported results, we can highlight the common observation that at high contents of
the nanofillers, the polymer chains are not going through sufficient rearrangements and placements
into the crystalline structures. Therefore, to avoid the decrease of both the polymer matrix’s crystallinity
and electroactive properties, the proper amount and nanoparticle sizes are necessary.

The summary of different additives prepared by electrospinning and their effect on the piezoelectric
properties of PVDF films is presented in Table 5.
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Table 5. Summary of additives used in electrospun PVDF.

Additive Synthesis Conditions Performance Before Additive Performance After Additive Ref.

BT

12, 14, 20 wt.% of PVDF DMSO/acetone = 1/3
20, 25 wt.% of BT
Voltage: 18 kV

NG with 18 wt.% PVDF, output voltage: 5 V NG with 20 wt.% PVDF, 25 wt.% of BT; output
voltage: 6 V [102]

13 wt.% of PVDF in DMF
3 wt.% of BT
Voltage: 20 kV

Capacitance of PVDF mesh under 100 Hz: 61 nF Capacitance of PVDF/BT composite under
100 Hz: 85 nF [103]

DMF/acetone = 1/1
3 wt.% of BT NWs
Voltage: 12 kV

Pure PVDF
output peak current:
Ipk = 47 nA

BT PVDF fiber,
output peak current:
Ipk = 105 nA

[100]

DMF/acetone = 2/3
15 wt.% of BT and Gr

PVDF PENG
Open-circuit voltage: 2.5−3 V

15 wt.% Gr, 15 wt.% BT; Open-circuit voltage:
11 V [107]

1.DMF 50 mL, PVDF 2.5 g
2.DMF 5 mL, 0.35g BT

Unpoled single- layer PVDF-BTO PENG, Vpeak-peak:
0.18 V
Poled single layer PVDF-BTO PENG, Vpeak-peak: 0.8 V

Unpoled tri-layer n-Gr/PVDF-BTO PENG,
Vpeak-peak: 1.5 V
Poled tri-layer n-Gr/PVDF-BTO PENG,
Vpeak-peak: 10 V

[128]

DIPAB
9.8 wt.% of PVDF in DMF
0, 5, 10, 24 wt.% of DIPAB
Voltage: 10–17.5 kV

0 wt.% DIPAB
Relative dielectric constant: ~ 5

5 wt.% DIPAB
Relative dielectric constant: ~20 [122]

Al(NO3)2·9H2O

15 wt.% PVDF in
DMF/acetone = 8/2;
8, 10, 12, 14, 16 wt.% of Al(NO3)2·9H2O
Voltage: 15 kV

n/a
10 wt.% Al(NO3)2·9H2O effective strain and
voltage coefficients, 116 pm/V and
1180 V mm/N

[123]

Gr

14 wt.% of PVDF,
DMF/acetone = 6/4,
0.05, 0.4, and 1.6 wt.% Gr
Voltage: 16 kV

PVDF PENG for 5mm displacement,
output voltage: 1 V

1.6 wt.% Gr/ PVDF PENG for 5 mm
displacement,
output voltage: 1.5 V

[108]

20 wt.% PVDF in DMF
Voltage: 20 kV 0 wt.% Gr/ PVDF PENG, Open-circuit voltage: 3.8 V 0.1 wt.% Gr/PVDF PENG, Open-circuit voltage:

7.9 V [109]

GO

14 wt.% of PVDF in
DMF/acetone = 6/4,
0.05, 0.4, and 1.6 wt.% of GO
Voltage: 16 kV

PVDF PENG for 5mm
displacement,
output voltage: 1 V

1.6 wt.% GO/PVDF PENG for 5mm
displacement,
output voltage: 2.5 V

[108]

10 wt.% of PVDF in
DMF/acetone = 1/1
0.8 wt.% of GO and rGO
Voltage: 20–25 kV

0 wt.% GO/PVDF PENG,
Open-circuit voltage: 0.5 V

0.4 wt.% GO/PVDF PENG, Open-circuit
voltage: 1.15 V
0.8 wt.% rGO/PVDF PENG, Open-circuit
voltage: 4.38 V

[111]
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Table 5. Cont.

Additive Synthesis Conditions Performance Before Additive Performance After Additive Ref.

PBO

0.1 g of PVDF in
DMF/acetone = 7/3
0.001 g of PBO and 0.3% of Gr
Voltage: 16 kV

n/a PBO added fiber thickness of 0.02 mm,
Output voltage: 60 V [124]

HNT
10 wt.% of PVDF, DMF/acetone = 1/1,
0.4 and 0.8 wt.% of GO and rGO
Voltage: 20–25 kV

0 wt.% GO/PVDF PENG, Open-circuit voltage: 0.5 V

0.4 wt.% GO/PVDF PENG, Open-circuit
voltage: 1.15 V
0.8 wt.% rGO/PVDF PENG, Open-circuit
voltage: 4.38 V

[111]

PANi/
HNT

PVDF (0.1 g)
DMF/acetone = 7/3
0.001 g of PBO and 0.3% of Gr
Voltage: 16 kV

n/a PBO added fiber thickness of 0.02 mm, output
voltage: 60 V [125]

Nanomer I.44P
nanoclay

14 wt.% of PVDF, DMF/acetone = 6/4,
0.05, 0.4, and 1.6 wt.% HNT
Voltage: 16 kV

PVDF PENG for 5 mm displacement,
output voltage: 1 V

1.6 wt.% HNT/PVDF PENG for 5 mm
displacement,
output voltage: 1.7 V

[116]

Cloisite 30b
nanoclay

13 w/v% of PVDF
DMF/acetone = 85/15
17.5 wt.% of PANi and
10 wt.% of HNT
Voltage: 22 kV

n/a
Output voltage: 7.2 V
Current output: 0.75 µA
Power density: 0.25 µW

[112]

CNT

12.5~15 wt. % of PVDF DMF/acetone = 8/2,
0.01 wt.% CNT
Voltage: 1~1.2 kV

Pure PVDF
output voltage: 2 mV

0.01 wt.% CNT PVDF,
output voltage: ~8.2 mV [21]

18 wt.% of PVDF in DMF
0.025 g of CNT powder d33 of aligned PVDF fibers was 27.4 pC/N d33 of PVDF/CNT membrane was 31.3 pC/N [90]

MWCNT

PVDF/solvent = 1/9 in DMF
5 wt.% of MWCNT
Voltage: 18 kV

n/a Output voltage 5 wt.% MWCNT: 6 V [119]

16–20 wt.% PVDF in
DMSO/acetone/fluorosurfactant
0.01–0.03 wt.% of MWCNT
NFES voltage: 1.2 kV

n/a Downward center displacement 23 µm [121]

Hybrid
CoFe2O4@BZT−BCT
Nanofibers

15 wt.% of PVDF
DMF/acetone = 3/7
5 wt.% of nanoclay

Pristine PVDF,
output voltage: 0.78 V PVDF/nanoclay fibers output voltage: 2.76 V [116]
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Table 5. Cont.

Additive Synthesis Conditions Performance Before Additive Performance After Additive Ref.

AgNWs

0, 5, 10, 15, 20 wt% of nanoclay
PVDF
DMF/acetone = 2/8;
Voltage: 12.5 kV

Pure PVDF,
output voltage: 1.5 V 15 wt.% nanoclay PVDF, output voltage: 5.1 V [112]

AgNPs
PVDF CoFe2O4@BZT−BCT n/a 5 wt.% composite gives, dielectric constant

~20.1 at 100 Hz [129]

15 wt.% of PVDF in DMF/acetone = 2/3
0.5, 1.5, 3.0 wt.% of AgNPs
Voltage: 12 kV

0 wt.% of AgNWs
d33 = 18.1 pC/N 1.5 wt.% of AgNWs d33 = 29.8 pC/N [126]

PVDF in DMF/acetone = 6/4 0.2, 0.4, 0.6, 0.8, 1 wt.%
of AgNPs Voltage: 8 kV

Pure PVDF,
output voltage: 0.15 V

0.4 wt.% AgNPs,
output voltage: 2.0 V [127]

SiO2

PVDF in DMF,
0.5, 1.0, 2.0 wt.% of SiO2
Voltage: 13 kV

Pure PVDF,
output voltage: 14.3 V

0.5 wt.% SiO2,
output voltage: 24.6 V [63]
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5. Applications of Piezoelectric Electrospun PVDF Films

According to the different works described above, piezoelectric properties of electrospun PVDF
nanofibers are improving rapidly, and more applications have found their implementation at the
laboratory scale. Figure 16 shows areas where many investigations have achieved quite promising
results, and their commercial applications could be just around the corner soon. This part of this paper
shows where PVDF films may be applied and what kind of research outcomes have been achieved
with the implementation of electrospun PVDF nanofiber films.Sensors 2020, 20, x FOR PEER REVIEW 27 of 43 
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5.1. Nanogenerators

NGs based on PVDF nanofibers seem promising solutions to generate energy by directly using
mechanical energy produced by a person. In addition, this application has high flexibility, which is
comfortable to use. The methods for generating energy are very different, with one of them proposed
by Yu and colleagues [130], who offer to make an NG in the form of a ‘shoepad’, hence producing
energy at every step. The production technique for this and, in general, almost all NG is as follows:
a lot of electrospun PVDF nanofibers, which for the most part, use additives are parallelly combined in
a sandwich structure and fixed with Al or Cu foil on both sides. Such a shoepad design can generate
electricity up to 6.45 µW with a load resistance of 5.5 MΩ while running or walking. This energy can
further accumulate in a capacitor and drive small electronic devices.

Using the same sandwich structured technique, but adding additives to the PVDF fiber in the
form of BiCl3, Chen et al. were able to make an NG, which achieved a peak output of 38 V [131].
A more recent article by Shi et al. introduced the PENGs, adding a BT and Gr composite to the PVDF
fibers [107]. In Figure 17, we can see that the NG was built layer by layer with additionally covering Al
foils on both sides, and polyethylene terephthalate (PET) connected to the Cu strips. This gives the
sandwich structured PENG. These improvements in the form of additives produce tremendous power
by applying mechanical force, with a peak of 112 V, which can run an electric watch and light 15 LEDs,
which is the best performance among all studies that have been done on NGs so far.
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(d) wrist bending, (e) finger taping and foot stepping by (f) heel and (g) toe. Reprinted with permission
from [107].

5.2. Sensors

Tactile sensors. Due to its ability to convert mechanical deformations into electrical signals,
electrospun PVDF is widely used in tactile sensing. Tactile sensors are designed to detect any
movement or displacement, such as body motion, etc. There are various types of tactile sensors
like piezoelectric, piezo-resistive, capacitive, optical, and triboelectric. Since piezoelectric ceramics
possess some drawbacks: the high cost of production, the difficulty of processing, and restricted
flexibility, so polymer materials gained much interest. Textile sensors are usually subject to different
deformations such as torsion, bending, stretching, and pressing. Therefore, flexibility plays a significant
role when it comes to designing tactile sensing devices. Other important parameters include sensitivity,
response time, and reproducibility. Considering notable improvements in PVDF nanofilms properties,
this material has the potential to meet the majority of requirements [13].

Joseph and co-workers introduced a simple and cost-effective design of tactile sensors fabricated
from electrospun PVDF, Al foils, and PET substrate. First, they obtained high β-phase content
nanofibers by optimizing parameters of electrospinning. Fabricated sensor was attached to the human
finger, and electrical output was measured to confirm the dependence of induced voltage and finger
bending amplitude. As demonstrated, voltage signals from the flexible sensor are consistent with the
movement of a finger [14].

Deng et al. proposed designing the flexible self-powered tactile sensor and assembled a fully
functional device to control the robot hand remotely [132]. They prepared unique cowpea structured
piezoelectric PVDF/ZnO nanofibers by the electrospinning method. The sensor showed an excellent
sensitivity of 0.33 V/kPa with a response time of 16 ms for pressing, and 4.4 mV/deg with a response
time of 76 ms for bending. It was confirmed that the amplitude of short circuit current changes
proportionally with the angle of bending. Moreover, the piezoelectric sensor exhibited excellent
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flexibility and lifespan (5000 cycle test), showing almost no change of shape and electrical output,
verifying its potential use in various fields such as robotics and biomedicine.

PVDF-based piezoelectric sensor fabricated by Hu et al. consisted of an electrode, substrate,
adhesive and protective layer, and backing pad, which served to improve sensitivity by increasing the
amplitude of deformation [37]. Since frequency tests found that a sensor’s sensitivity is reduced below
15 Hz, a preprocessing circuit with a charge amplifier was introduced to improve signal detection.
Additionally, silver glue was used to enhance the electrical conductivity of a system. The sensitivity of
a piezoelectric sensor was about 3.10 pC/N above 15 Hz and proved to detect wrist motion signals
accurately and is used in wearable electronics such as smartwatches (Figure 18).
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Figure 18. (1) Structure diagram of wrist PVDF sensor; (2) Measured response waveforms of the sensor
during different hand movements including (a) making a fist; (b) thumb bending; (c) wrist stretching
and bending; and (d) wrist waving. Reprinted with permission from [37].

Force sensors. PVDF nanofibers were used for piezoelectric force sensors with high flexibility
and sensitivity. Wang et al. fabricated a force sensor by placing the PVDF mat between two electrodes,
consisting of plastic film and glass plate coated with indium tin oxide (ITO) [133]. They prepared
9 different samples of nanofilms by electrospinning, optimizing processing variables. The highest
sensitivity was observed by the sample prepared at 12 wt.% concentration, 12 kV applied voltage,
and 0.02 mL/min flow rate of 42 mV/N, which corresponds to the highest β-phase content sample.
Sensitivity at various frequencies and repeatability tests demonstrated good response and no significant
decay of output voltage peaks.

Ramasundaram et al. introduced a novel technique of fabricating highly sensitive piezoelectric
force sensors [134]. Pre-prepared 96% β-phase electrospun PVDF nanofiber mats were hot-pressed with
AgNPs, followed by spin coating of polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS)
block copolymer as shown in Figure 19. The authors claim that the fabricated device can sense skin
movements and muscle vibrations as low as 0.3 N. Piezoelectric coefficient of the final product was
60.1 pC/N, which indicates the high sensitivity of the sensor.
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Figure 19. Schematic associated with the preparation of PVDF nanofibers (NFs), PVDF NFs-AgNPs
electrodes and fabrication of piezoelectric sensor. Reprinted with permission from [134].

Flow velocity measurement sensors. With the knowledge of turbulent boundary layers and
piezoelectric effect, Li et al. proposed a design of making flow velocity sensors using PVDF films
(Figure 20) [135]. The positive correlation between the square of output voltage and the sixth power of
flow speed was found during testing. However, it can measure flow only in one direction. Hence,
sensor design presented by Hu and colleagues seems more feasible [136]. The sensor demonstrated
sufficient reliability in speed and direction measurements with errors ranging from 1.27–2.67% and
0.34–1.24◦, respectively. According to authors, due to its fast response time (20 ms) and the possibility
of miniaturizing, it can be used in autonomous robot production.
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Pressure sensors. Several works were focused on the fabrication of flexible pressure sensors for
application in electronic skin, acoustics, and body monitoring. Since the performance of piezoelectric
pressure sensors is highly dependent on the content of the β-phase in the PVDF matrix, enhancing the
proportion of the β -phase crystals was the primary concern. Yu et al. introduced a sensor that showed
a sensitivity of 178 mV/kPa when tested under dynamic air pressure [119]. Furthermore, researchers
reported enhancement of sensitivity after improving conductivity by the addition of nanoparticles.

Garain et al. introduced a highly sensitive pressure sensor, based on Ce3+ doped PVDF/Gr
nanofibers, that can detect extremely weak signals from 2 Pa like wind flow [137]. According to
Merlini et al., electrospun PVDF fiber membrane coated with 50 wt.% of PPy shows excellent
pressure sensing properties [138]. Although the sample with 80% content of PPy has the highest
conductivity and modulus of elasticity, its sensing capability was weaker due to excess plastic
deformation. Wang et al. fabricated a flexible pressure sensor that can be used to monitor body motion
in real-time [139].

The linear relation between applied pressure and the output voltage was reported. This sensor
design has superior properties since it does not require an external power source and contact to
measure pressure values [139]. Recently, Yang et al. introduced a flexible capacitive pressure sensor
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with high sensitivity of 0.99/kPa, based on PVDF nanofilm prepared by electrospinning [140]. It was
found that the addition of 0.05 wt.% of CNT allows fabricating sensors with excellent response time
(~29 ms), reliability, and life cycle. As illustrated in Figure 21, the authors tested a real application of
the sensor as an electronic skin and demonstrated excellent sensitivity and stability.
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Figure 21. Wearable sensor for finger pressure sensing: (a) The diagram of sensor network attached
on the hand. (b,c) The measured capacitance changes when a single and double pressure applied on
the sensor network. (d) Plots showing the relative changes in capacitance of the sensor when it was
subjected to dynamic pressing and releasing cycles. Reprinted with permission from [140].

Humidity sensors. Electrospun PVDF nanofibers were also used for the fabrication of RH sensors.
Corres et al. proposed designing an optical fiber humidity response sensor using PVDF nanofibers
produced by electrospinning [141]. The sensor exhibits excellent sensitivity and response time (0.1 s)
in the RH range from 50 to 70%.

Hernández-Rivera et al. introduced a capacitive humidity sensor fabricated using the PVDF
membrane [142]. The change of dielectric constant of porous nanofilm in the presence of water vapor
was the underlying working principle. In order to improve dielectric constant and hydrophobicity,
Gr was dispersed into the solution before electrospinning. The authors reported that the dependence
of capacitance to change RH was almost linear.

Table 6 shows the analysis of NGs output for power and voltage according to the implemented
PVDF films with a combination of additives, energy sources, and dimensions. The electrical output of
NGs are highly dependent on the materials, the dimensions of the applied force, and using energy
sources such as human action or mechanical tensile tester.
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Table 6. Summary of applications of electrospun PVDF as nanogenerator.

Application Energy Source Material Dimensions Input Extinction Output Power and Voltage Highest Output Ref.

Shoepad NG Human action PVDF Size US8.5 or EU42 5.5 MΩ 6.45 µW 6.45 µW [130]
NG Human action PVDF/BT 2.5 × 2.5 cm2 6.9 MΩ 11 V, 4.1 µW 112 V [107]
NG Human action PVDF/BiCl3 1.5 × 1.5 cm2 - 2 µA, 1.1 V 38 V [131]
NG Bending PVDF 4.5 × 4.5 cm2 1 Hz 9V 9 V [143]
NG Human action PVDF/Gr 2 × 2 cm2 - 7.9 V, 4.5 µA 7.9 V, 4.5 µA [109]
NG Tensile machine PVDF/MWCNT - - 6 V, 81.8 nW 6 V, 81.8 nW [119]
NG Tensile machine PVDF/LiCl 3 × 4 cm2 - 8 V 8 V [144]
NG - PVDF 2 cm2 - 1 V 1 V [145]
NG Tensile machine PVDF/ZnO, CNT, LiCl, PANi 230 µm, 3 × 1.5 cm2 55 MPa 0.9 V 0.9 V [99]

NG/Super capacitor Linear motor PVDF/rGO and PVDF/NaNbO3 1.0 × 1.0 cm2 and 2 × 2 cm2 40 N 800 mV in 190s 40 V [146]
NG Hydrophone device PVDF-ZnO 4 cm2, thickness 120 µm - 1.1 V 1.1 V [147]
NG Power generating sample PVDF/GO/Gr/Hal 35 cm2 0.49 N, 2 Hz 0.1 V 0.1 V [148]
NG Free vibrations PVDF/NiCl2· 6H2O 100 mm2 - 0.762 V 0.762 V [149]
NG 5 g stainless steel drop PVDF 2 cm2 5g drop 0.028 V 0.028 V [150]
NG Human thumb PVDF/g-C3N4 3.0 × 2.0 × 0.01 cm - 7.5 V, 0.23 µA [151]
NG Mechanical Vibrations PVDF/NP-ZnO 1 × 1 cm2 4 and 8 Hz, 1.5 N 32 nW/cm2 and 60 mV at 8 Hz 80 mV at 4 Hz [152]
NG Bending stage PVDF 4.5 × 4.5 cm2 1 Hz 9 V 9 V [143]
NG Pressing PVDF/PEDOT 2 × 3 cm2 8.3 kPa stress 48 V 48 V [153]
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5.3. Energy Conversion

Recently, the concept of a self-charging power system is gaining considerable attention.
Such a system consists of two significant compartments as energy harvesting and energy storage.
Among energy storage technologies, integrated self-charging supercapacitor power cells (SCSPC)
have been showing promising results. Supercapacitors have the advantages of short charging time,
high energy density, and long circle life [154]. One of the works by Pazhamalai and colleagues [155]
prepared a porous PVDF film to incorporate with the piezoelectric semiconductor material by the
electrospinning process. Electrospun PVDF/NaNbO3 nanofibrous mat was used as the piezoseparator,
and PVDF-co-HFP based ionogel as the electrolyte, and 2D-MoSe2 nanosheets as the electrode material.
Such a combination of PVDF with NaNbO3 exhibited a peak to peak voltage of about 4 V with
1500 cycles retention demonstrating improved mechanical stability of the NaNbO3/PVDF nanofibrous
separator. The MoSe2 SCSPC device delivered a specific capacitance of 2.98 mF/cm at a scan rate of up
to 100 mV/s.

Another recent work by Krishnamoorthy et al. [156] studied SCSPC’s energy conversion and
storage mechanism related to the “piezo electrochemical effect”. The authors used the components
of siloxene SCSPC (such as siloxene-coated carbon cloth electrodes, siloxene–PVDF piezofibers,
and ionogels) constructed in the form of symmetric supercapacitors (SSCs) with high flexibility.
The synthesized two-dimensional (2D) siloxene sheets by a topochemical reaction were dispersed
in the PVDF solution followed by an ultrasound irradiation process, and an electrospinning process
(Figure 22).
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which is higher than that of bare PVDF. CV profiles of the siloxene SCSPC were performed at 
operating voltage windows of 1.8 V using different scan rates (from 5 to 500 mV/s). The siloxene 
SCSPCA demonstrated 207, 102, and 59 mV at the frequencies of 2.0, 1.0, and 0.5 Hz under an applied 
compressive force of 20 N, respectively. Importantly, the assembled siloxene SCSPC device exhibited 
a self-charging capacitance of approximately 3.62 mF/cm under a compressive force of 20 N. 

Electrochromic supercapacitors (ECS) were also prepared with electrospun PVDF film by He et 
al. [157]. To obtain the ECS, PANi was used to achieve visual electrochromic performance and energy 
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Figure 22. Schematic representation of steps involved in the fabrication of siloxene self-charging
supercapacitor power cells (SCSPC). (a) represents the preparation of siloxene sheets via topochemical
deintercalation of calcium from CaSi2 in the presence of ice-cold HCl solution, (b) represents the
fabrication process involved in the electrospinning of siloxene/PVDF piezo fibers, and (c) indicates the
fabrication of a siloxene SCSPC device using siloxene sheets-coated carbon cloth as two symmetric
electrodes and electrospun siloxene–PVDF piezo fibers impregnated with ionogel electrolyte as the
separator. Reprinted with permission from [156].

The PVDF piezo fibers with incorporated siloxene sheets showed an output voltage of ~6.5 V,
which is higher than that of bare PVDF. CV profiles of the siloxene SCSPC were performed at operating
voltage windows of 1.8 V using different scan rates (from 5 to 500 mV/s). The siloxene SCSPCA
demonstrated 207, 102, and 59 mV at the frequencies of 2.0, 1.0, and 0.5 Hz under an applied compressive
force of 20 N, respectively. Importantly, the assembled siloxene SCSPC device exhibited a self-charging
capacitance of approximately 3.62 mF/cm under a compressive force of 20 N.

Electrochromic supercapacitors (ECS) were also prepared with electrospun PVDF film by
He et al. [157]. To obtain the ECS, PANi was used to achieve visual electrochromic performance and
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energy storage. While the electrospun PVDF nanofibers were applied to prepare PENG, as demonstrated
in Figure 23.Sensors 2020, 20, x FOR PEER REVIEW 34 of 43 
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Figure 23. Schematic illustration of the self-powered patterned electrochromic supercapacitors (ESC).
(a) The fabrication process of the patterned ESC. (b) The preparation process of the wearable piezoelectric
nanogenerator (PENG). (c) Schematic depiction of the self-powered patterned ESC in a layer by layer
format. (d) The equivalent circuit of the self-powered patterned ESC. Reprinted with permission
from [157].

The obtained flexible PENG device and ESC were integrated with a rectifier, transferring the
alternating current (AC) of the PENG device to direct current (DC) for charging the ESC. After testing,
the voltage of the self-powered system was charged to 0.071 V under continuous palm impact for
the first 50 s and then decreased to 0.051 V after stopping the palm tapping. When the repeated
palm impact is applied, the self-powered system starts to self-charge and self-discharge after stopping
palm impact.

6. Conclusions

In recent years, PVDF has received much interest in the fabrication of piezoelectric devices because
of its high sensitivity, mechanical flexibility, multi-technology compatibility, stability, and cheaper cost.
Numerous studies have been carried out on piezoelectric PVDF for energy, environmental, and medical
applications. The conventional methods to prepare PVDF films such as drawing, spin coating,
and solution casting have the main drawback of the necessity of additional treatment (poling or
mechanical stretching) to improve the piezoelectricity of the material. On the other hand, nowadays,
the electrospinning technique is widely used to produce piezoelectric PVDF for its promising results
and simple preparation procedures. It controls the PVDF polymorphism (α, β, and γ-phase) and
facilitates the formation of β-phase, which exhibits excellent piezoelectric properties. During the
process, the polymer solution goes under both mechanical stretching and poling. This results in an
increase in electric potential of the material due to the higher content of the β-phase.

By analyzing studies on electrospun pristine PVDF, this paper discusses the key parameters
determining the properties of the resultant nanofibers. The polymer solution properties directly affect
the morphology, surface structure, and polymorphism of the electrospun film. Thus, changing the
solution parameters could improve the piezoelectricity. For example, under certain conditions,
choosing PVDF with a higher molecular weight or adding a volatile solvent increases the content of the
β-phase. Meanwhile, the electrospinning setup is mainly responsible for the spinnability of the solution.
The values of electrospinning variables are limited: out of a specific range, the syringe clogging or
the jet disruption will occur. These parameters can also influence the β-phase fraction through better
mechanical stretching (flow rate, spinning distance) or poling (applied voltage). However, their impact
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is less considerable than the solution parameters’ one. The major task of PVDF preparation is finding
the most optimal configuration by adjusting parameters during an experiment. Thus, it is important to
consider the interactions between these parameters to get the targeted results.

Modern piezoelectric devices based on electrospun PVDF have been greatly enhanced by
modifying the polymer with additional materials, boosting its piezoelectric properties. Concerning the
electrospinning process, several prevailing trends in the research on these additives are reviewed.
So far, BT, GO, nanoclays, and CNTs have shown promising results for sensing applications by
affecting the PVDF polymorphism. In the reported works, BT nanoparticles have demonstrated
enhanced piezoelectric properties of PVDF nanofibers due to their high piezoelectric coefficient. On the
other hand, carbon-based additives, such as CNTs, Gr, and GO also have been extensively used to
improve the piezoelectricity of PVDF. They gained considerable attention because of their large specific
surface area, excellent mechanical strength, good electrical and thermal conductivities. However,
despite those attractive properties of additives, more investigations are needed to understand the
effect of nanoparticles that allow an excellent piezo response. The desired β-phase PVDF formation
mechanism due to the nanoparticle addition should also be thoroughly studied to allow the efficient
synthesis route for the electrospun nanofibers.

Despite these advances, there are some details to consider for the preparation of a composite PVDF
material. It should be taken into account that a sample with desired piezoelectric features can only be
obtained with the right fraction of additives. Small content of graphene, for example, can significantly
improve the voltage output. By contrast, the excessive amount could lead to a worse piezoelectric
response. Furthermore, most of these materials require a suitable preliminary treatment due to poor
solubility, which helps to get a homogeneous mixture. In recent years, the method of ultrasonication
has gained much attention due to its ability to dissolve copolymers in a PVDF-based solution fully.

The versatility of PVDF films produced via the electrospinning process allowed us to use the
material in various electrical applications, and among them, NGs and piezoelectric sensors need
special attention. Many studies provided working NGs based on electrospun PVDF films. They can
be effectively utilized in rechargeable wearable electronics due to their voltage output and flexibility.
Apart from that, PVDF exhibits good sensitivity, making the material a promising candidate for sensor
fabrication. Sensors based on PVDF are used in acoustics, energy, and environmental applications.
Research works in self-charging technologies as supercapacitors with the integrated electrospun PVDF
nanofibers showed excellent results as well. More studies will lead to breakthroughs in the field of the
self-charging devices that could play a significant role in developing medical devices, self-charging
wearable electronics, and the internet of things.

However, at the moment, most of these devices are only suitable for lab-scale production: further
research for commercialization is needed. Electrospinning shows great potential for industrialization,
and so this method could be upgraded for the PVDF material production at a larger scale. In addition,
searching for new materials and additional treatments (which can improve the piezoelectricity,
morphological and mechanical features of PVDF films) will support developing piezoelectric devices
and advance the understanding of the connection between electrospinning parameters and the
resultant nanofibers.
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