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Abstract: Poly(vinylidene fluoride) (PVDF)-electrosprayed nanofibers have been the subject of
much research due to their flexibility and piezoelectric properties compared to other piezoelectrics,
for example, ceramics or other polymeric materials. The piezoelectric performance of PVDF is
mainly related to the presence of 3-phase. This study aims to determine the influence of working
and formulation parameters on the generation of 3-phase, morphology, and crystal structure of
PVDF nanofibers. In addition, this research innovatively analyzes the effect of the dispersion state
of PVDF molecular chains in the solvent on the electrospinning results. The morphology and
crystal structure of PVDF nanofibers were determined using scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), and Fourier transform infrared spectroscopy (FTIR). Beadless
nanofibers are obtained when the PVDF concentration reaches the semi-diluted regime entangled in

S&Cgt?sr dimethylformamide (DMF) or DMF/acetone solution. The optimization of the process parameters
Citation: He, Z; Rault, F.; (static collector, tip to collector distance—25 cm, flow rate—1 mL/h, applied voltage—20 kV) allows
Vishwakarma, A.; Mohsenzadeh, E.; the increase in the 3-phase fraction from 68.3% =+ 1.2% to 94.5% =+ 0.6% for a PVDF concentration of
Salaiin, F. High-Aligned PVDF 25 w/v% in a DMF/acetone mixture (2/3 v/v). With these same parameters applied to a rotating
Nanofibers with a High Electroactive ~ collector, it was observed that the piezoelectric performance is at maximum for a maximum (-phase
Phase Prepared by Systematically fraction of 90.6% =+ 1.1%, obtained for a rotational speed of 200 rpm. The effect of orientation of PVDF
Optimizing the Solution Property nanofibers on piezoelectric properties was quantitatively discussed for the first time; the piezoelectric
and Process Parameters of properties are independent of the alignment of the nanofibers.
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1. Introduction

Due to the increasingly severe energy shortage and environmental pollution problems,
some new energy sources are receiving more research and attention. An example is the
development of solar and wind farms that can generate several gigawatts per year [1]. In
addition, energy harvesting devices based on the piezoelectric effect can also be selected as
a new energy source [2]. The piezoelectric effect alters mechanical energy into electrical
energy, and, as a result, piezoelectric materials find numerous applications in electrome-

chanical fields [3]. The use of electronics in our daily lives is so widespread that a portable
and wearable piezoelectric energy harvesting device could provide cleaner energy and
make our daily lives more convenient. Traditional ceramic piezoelectric materials have
excellent piezoelectric properties (for example, the piezoelectric coefficient of PbZr,Ti;_,O3
This article is an open access article  (L'ZT) is over than 300 pC/N [4], AIN is 3-5 pm/V, and ZnO is 14-26 pm/V [5]). Despite
distributed under the terms and  this, ceramic materials lack flexibility and high density, limiting their application fields and
conditions of the Creative Commons ~ Making it challenging to prepare wearable piezoelectric devices.
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creativecommons.org/licenses /by / such as poly(vinylidene fluoride) (PVDEF) [6], poly(vinylidene fluoride-trifluoroethylene)
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(PLA) [10] possess specific piezoelectric properties, and can be used as piezoelectric materi-
als. As well as their piezoelectric properties, these polymer materials have the advantages
of easy processing, flexibility, low density, and high break strength. They are used in various
piezoelectric applications and incredibly wearable piezoelectric applications [11-13]. PVDF
((-CH,-CF;,-)n) is a thermoplastic semi-crystalline polymer obtained from the free-radical
polymerization of CH,=CF,. Due to its superior piezoelectric performance and lower price
than other polymer materials, PVDF has been studied since 1969, when Kawai discovered
the piezoelectric effect of PVDF films [14]. There are five different polymorphs in PVDF
crystalline structure, named -, 3-, y-, 8-, and e-phases [15]. The nonpolar « phase is the
standard form in PVDF, but it does not contribute to the piezoelectric properties of PVDF.
The polar 3- and y-phases of PVDF exhibit excellent piezoelectric responses due to their
high dipolar moment per unit cell (e.g., p phase 8 x 1073 C-m [16]). As a result, the
piezoelectric performance of PVDF is mainly determined by the content of polar crystalline
phases (electroactive phase) [17]. The piezoelectric performance of PVDF can be further
improved if the content of « in PVDF is reduced while the content of 3 and v phases in
PVDF is increased. PVDF is widely studied because of its potential piezoelectric proper-
ties in the field of energy harvesters [18], energy storage [19], sensors [20], actuators [21],
batteries [22], and biomedical devices in the form of fibers or films [23].

The nanofiber structure can improve the piezoelectric potential of PVDF even further
than the film structure. Ghosh et al. pointed out that deformation can be more effec-
tively limited by axial direction if the size of the structures in the orthogonal direction is
reduced [24]. If mechanical stress is applied along an axis, strain is generated in this axis
direction and the orthogonal direction. If the size in the orthogonal direction (fiber diame-
ter) is reduced, the strain is more effectively limited in the axis direction. The geometric
limitation leads to a better alignment of the dipoles in piezoelectric materials, increasing
the piezoelectric potential. According to Surmenev et al., the nano configuration promotes
the orientation of the polymer chains and improves the piezoelectric response along the
orientation direction of the molecular dipoles [25]. Thus, as a new type of material struc-
ture, nanofibers have attracted more and more attention in recent research. Although there
are many other methods for producing nanofibers (centrifugal spinning [26], gas-assisted
spinning [27], etc.), electrospinning is the most commonly used method to obtain PVDF
nanofibers [28]. The electrospinning system consists of a syringe pump equipped with
a needle (tip extrusion system), a voltage power supply, and an electrically conducting
collector. The basic principle of electrospinning consists of the uniaxial stretching of a
viscoelastic polymer solution in an electrical field. The electric field causes the polymer
chain orientation and polarization [29]. The orientation and polarization of the polymer
chain result in PVDF nanofibers with higher crystallinity and electroactive phase than
PVDF nanofibers obtained by other methods [30]. In the research of Gee et al. [31], they
discussed the influence of different solvents and voltages on the content of electroactive
phases of PVDE. For example, adding acetone volatilizes the solvent entirely during elec-
trospinning and increases the electroactive phase content. However, their research hardly
mentioned the effect of solvent on electrospinning results from a microscopic scale (e.g., the
dispersion state of PVDF molecular chains in solvent molecules). Wu et al. [32] prepared
randomly oriented and aligned electrospun PVDF nanofibers. The results pointed out that
the electroactive phase and piezoelectric property of aligned electrospun PVDF nanofibers
is higher than of randomly oriented ones. However, in their research, the electrospinning
parameters of randomly oriented and aligned electrospun PVDF nanofibers were different,
and it was impossible to conclude that the improvement in piezoelectric property and
electroactive phase is attributed to the aligned fiber distribution. Furthermore, they did not
quantitatively differentiate “randomly oriented” and “aligned oriented”.

This work analyzes the effects of various electrospinning parameters on the piezoelec-
tric properties of PVDF nanofibers (e.g., solution and process parameters). The influences of
the Coulomb forces provided by the electric field, the volatility of the solvent, and mechani-
cal stretching on PVDF nanofibers were examined. In addition, this research analyzes the
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effect of the PVDF concentration on the electrospinning results from the microscopic scale
to find a correlation with the four different regimes (dilute, semidilute unentangled, semidi-
lute entangled, and concentrated). The structures and properties of PVDF samples obtained
by electrospinning are different when PVDF molecular chains are in different regimes,
which has a guiding effect for the research of electrospinning/electrospray to obtain PVDF
samples with different structures. At the same time, this study quantitatively discussed the
impact of the orientation of PVDF nanofibers on piezoelectric properties for the first time,
and the results showed that the piezoelectric properties of PVDF nanofibers were affected
by the content of the electroactive phase rather than the orientation of PVDF nanofibers.

2. Materials and Methods
2.1. Materials

Poly(vinylidene fluoride) (PVDEF) (Kynar@ 705) with a molecular weight of about
220,000 g-mol~! was obtained from Arkema (Colombes, France) as the piezoelectric poly-
mer. N, N-Dimethylformamide (DMF) and acetone, employed as PVDF solvents, were
purchased from CARLO ERBA (Val-de-Reuil, France). All the selected compounds were
used without further purification.

2.2. PVDF Nanofibers Electrospinning
2.2.1. Preparation of PVDF Solutions

A series of PVDF electrospinning solutions at different concentrations (5, 10, 15, 20, 25,
and 30 w/v%) were prepared using DMF, and a mixture of DMF/acetone (2/3 v/v) was
kept at 60 °C under vigorous magnetic stirring (800 rpm) equipped with a water-jacketed
reflux condenser for 2 h. Before their usage, they were cooled to room temperature (25 °C).

2.2.2. Production of PVDF Nanofibers

A CAT000002 Electrospray Starter Kit from Spraybase® AVECATS (Kildare, Ireland)
was used to carry out the electrospinning process for the different working solutions at
room temperature with a static collector (metal plate with aluminum foil). The solutions
were pumped with a digitally controlled syringe pump at a flow rate (FR) of 1 mL/h
through a single stainless-steel nozzle (20 gauge, single nozzle, inner and outer diameters
of 600 and 910 um).

To analyze the influence of the solvent choice (DMF or DMF/acetone (2/3 v/v)) and
PVDF concentration (PVDF =5, 10, 15, 20, 25, and 30 w/v%) on the nanofiber morphology
and electroactive phases, the working parameters were set at 20 kV for the applied voltage
(V), 20 cm for the tip-to-collector distance (TCD), and 1 mL/h for the flow rate (FR). After
setting the solution parameters, the effects of the apparatus parameters were determined
by setting the applied voltage in the range between 15 to 30 kV (PVDF = 25 w/v% in
DMEF /acetone (2/3 v/v), TCD = 20 cm, and FR = 1 mL/h), the TCD value between 13 to
25 cm (PVDF = 25 w/v% in DMF/acetone (2/3 v/v), V =20 kV, and FR = 1 mL/h), and the
flow rate between 0.3 to 3 mL/h (PVDF = 25 w/v% in DMF /acetone (2/3 v/v), V =20 kV,
and TCD = 25 cm).

The previously set parameters (PVDF = 25 w/v% in DMF/acetone (2/3v/v), V =20 kV,
TCD = 25 cm, (PVDF = 25 w/v% in DMF/acetone (2/3 v/v), V=20 kV, and FR =1 mL/h)
and FR = 1 mL/h) were used to observe the influence of a rotating collector and its rotating
speed with a Fluidnatek /LE-50 electrospinning apparatus (Bioinicia, Valencia, Spain). The
rotating speed was set to 0, 200, 500, 1000, 1500, and 2000 rpm.

2.3. Analytical Methods
2.3.1. Solutions Viscosity
The viscosity of the solutions was measured by a rotational viscosimeter, Rheomat RM

100 (Lamy Rheology, Champagne-au-Mont-d’Or, France), with a shear rate ranging from
0.38 to 1420 s! at room temperature, corresponding to the range of shear rates at the top
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of the tip. According to Higashi et al. studies, the shear force undergone by the solution
during the electrospinning process can be approximated by Equation (1) [33].

. 4Q

7= RS

)

where 7, Q and R are the shear rate at the needle wall (s~!), the flow rate (mL/h), and the
radius of the needle (mm), respectively. The estimated shear rate in the shear stress region
was to be 14 s~! for a flow rate value of about 1 mL/h, and with a 20-gauge needle.

2.3.2. Morphological Characterization of the Nanofibers

The morphology of the samples was characterized by scanning electron microscopy
(SEM) (Phenom ProX, Thermo Fischer Scientific, Waltham, MA, USA). The samples were
mounted on a metal holder and coated with gold using a sputter coater for 30 s followed
by observation at an accelerating voltage of 5-15 kV. Image J software (National Institutes
of Health, Bethesda, Rockville, MD, USA) was used to determine fiber mean diameter from
SEM images from 100 random measurements.

2.3.3. Identification and Quantification of the Electroactive 3 and y-Phases of the
Poly(vinylidene fluoride) Nanofibers

Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry
(DSC) provide information on the presence of 3, y, and « phases. The use of both techniques
was necessary because of the overlapping peaks, and a deconvolution method was used
not only to make the correct phase identification but also to distinguish the different
crystal forms.

e Differential scanning calorimetry

The crystallinity of the samples was characterized by Differential Scanning Calorimetry
(DSC 6000, PerkinElmer, Boston, MA, USA). The sample space was purged with nitrogen
flow during the experiments. Samples of 8—10 mg were placed in an aluminum pan and
heated from 10 to 200 °C at 10 °C/min, and the sample was then cooled from 200 to 10 °C
at a rate of 30 °C/min. The crystallinity index (X;) of the sample was calculated according
to Equation (2) [34].

X = 5 AH’"O 5 % 100% )
XoAHy + xgAHg + x7 AHy
where AH,, is the specific melting enthalpy of the PVDF, and AHY, AHg, and AHQY are the
theoretical specific melting heat of 100% crystalline enthalpies of «-, 3-, and y- crystalline
PVDF phases of a 100% crystalline PVDF sample, which are taken as 103.4]/g and 93.07 /g
for the ac and 3 phases, respectively [35]. The specific melting heat of the y phase is assumed
to be identical to that of a 100% o phase [34].

The determination of the three peak areas was realized by the deconvolution of DSC
curves between 150 to 180 °C using OriginPro 2019 (OriginLab Corporation, Northampton,
MA, USA), with the package Peak Deconvolution (OriginLab Corporation, Northampton,
MA, USA). Second derivative finding peak and Savitzky Golay’s smooth derivative were
used for the identification, and the Gaussian curve was selected to fit the deconvoluted
curves.

e  Fourier transform infrared spectroscopy

The identification of the crystal phases of the PVDF nanofiber samples was performed
by Fourier transform infrared (FT-IR) spectra with a Nicolet Nexus (Nexus-560 spectro-
scopic, Nicolet, Madison, WI, USA) connected to a PC. FI-IR spectra were performed using
attenuated total reflection (ATR) at a resolution of 4 cm ™!, across the spectral range of
4000-650 cm~! and by the accumulation of 64 scans. To identify electroactive phases, the
study area was restricted to 650-1600 cm 1 [36].
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The relative fraction of the electroactive phase was calculated from Equation (3) [37].

Ipa

Ksqo
Koea 1763 + IEA

FEA = x 100% (3)

where Ir 4 and 763 are the absorption values at 840 and 763 em ™1 Kygs (6.1 x 10* ecm?-mol 1)
and Kgyp (7.7 x 10* cm?-mol 1), respectively; and the absorption coefficients at the respec-
tive wavenumbers, respectively.

To provide an interpretation on a more quantitative basis and to determine the 3 and y
phase fractions, deconvolution of the spectra using OriginPro 2019 (OriginLab Corporation,
Northampton, MA, USA), with the package Peak Deconvolution (OriginLab Corporation,
Northampton, MA, USA), in the 920-700 cm ! region into Gaussian peaks was realized.
These wave numbers were initial parameters for curve fitting with Gaussian component
peaks. Position, bandwidths, and amplitudes of the peaks were varied until (i) the resulting
bands shifted by no more than 4 cm ™! from the initial parameters, (ii) all the peaks had
reasonable half-widths (<20-25 cm™1), and (iii) good agreement between the calculated
sum of all components and the experimental spectra was achieved (r> > 0.99).

The fractions of the 3 and y phases were calculated from Equations (4) and (5).

A
_ B 0
F(ﬁ) = Fpa X (Aﬂ +A’y> X 100% (4)
F(7) = Fga X Ay x 100% (5)
V)= ‘EA Ap+ A, ’

where Ag and A, are the areas of the § and y peaks.

2.3.4. Piezoelectric Properties of the Poly(vinylidene fluoride) Nanofibers

The PVDF nanofibrous membranes’ piezoelectric coefficient (ds3) was measured by a
YE2730A piezoelectric ds3 meter (Sinocera Piezotronics, Yangzhou, China). Frequency and
stress were set to 110 Hz and 0.25 N, respectively. Each sample was in the size of 2 x 2 cm?
and measured five times to obtain the average ds;.

2.3.5. Orientation of PVDF Nanofibers
e  Anisotropy index

The orientation analysis of PVDF nanofibers was obtained using orientation matrix
(Q)) and anisotropy index («) (Equations (6) and (7)) [38].

1 cos®0;  sinb; cosh;
Q= Tiot 21 sinb; cosh;  sin26; ©)
a=1-— )\1 /Az (7)

where I; (nm) is the length of the fiber, I;o; (nm) is the total sum of fiber lengths, and 8; (°) is
the angle between each fiber and the x-axis. I; and 0; were obtained from the SEM image
analysis using Image ] software, with 50 randomly selected nanofibers. A; and A, are
the eigenvalues of the orientation matrix, with A; < A,. The a is a factor describing the
alignment scheme (« = 0: complete random distribution of nanofibers, a = 1: total aligned
distribution of nanofibers).

e  Goodness

From SEM image analyses with Image ], the goodness of fit of the Gaussian dis-
tribution, Goodness, was evaluated (Goodness = 0, random distribution of nanofibers;
Goodness = 1, nanofibers are perfectly aligned in the same direction).
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3. Results and Discussion
3.1. Influence of the Formulation Parameters on the Morphology of the PVDF Electropsun Mat

The fission and solidification processes of electrospun fibers are also closely related to
the physical and chemical properties of the working solutions. Thus, there are relationships
between the physicochemical properties of the solutions and the structure, morphology
of electrospun PVDF nanofibers related to the choice of the solvents system, and the
concentration of PVDF used. During electrospinning, the formation and shape of the
Taylor cone, the break-up of charged polymer solution, and the solvent evaporation were
governed by the physico-chemical properties of the solutions and the operating parameters.

The formation of electrospun fibers is closely related to the initial entanglement of
PVDF macromolecular chains in solution. During solubilization, PVDF-PVDF interactions
are transformed into PVDF-solvent interactions. The entanglement influences the mor-
phology and average diameter of the resulting material during the electrospinning process,
either fibers or beaded nanofibers. To ensure the formation of electrospun fibers, solvents
with higher solubility for PVDF and higher volatility are not recommended [39].

A binary solvent system can also be used to dissolve PVDF to control the structure
and morphology of the fibers and the solvent evaporation during the flying process. The
degree of entanglement is related to the PVDF concentration used in the starting solution
and, therefore, to the viscosity of the solutions. The dissolution state of the polymer in
the solution is divided into four different regimes, (1) dilute, (2) unentangled semi-dilute,
(3) entangled semi-dilute, and (4) concentrated [40]. The overlap concentration (C*) is the
boundary between the dilute and the semi-dilute regimes. For this concentration, PVDF-
solvent interactions begin to be replaced by polymer—polymer interactions. Nevertheless,
most macromolecular chains are still not entangled. An increase in concentration leads to an
increase in entanglement. The semi-unentangled to the semi-entangled regime corresponds
to the entanglement concentration (Ce). According to Gupta et al., when the concentration
is higher than C,, electrospinning the solution results in uniform beadless fibers [41].

The viscosity of the solution increases with the increase in PVDF concentration
(Figure 1). When the concentration of PVDF is 10 w/v%, the curve’s slope changes. This
shows that 10 w/v% is the C* of the PVDF/DMTF system. When the concentration of
PVDEF/DMF exceeds 10 w/v%, as the concentration increases, the viscosity of the solution
increases, and the slope does not change again. Furthermore, the morphology of the ob-
tained structure changes with the increase in the solution concentration (Figure 2). Thus,
flat and aggregated particles are obtained for concentrations lower than 10 w/v%. The
average diameter of the particles increases along with their size distribution, until pearled
fibers or microspheres linked together by fibers are obtained from 30 w/v%. In any case, it is
impossible to obtain fibers under the conditions of the applied studies. Furthermore, when
the PVDF concentration is more than 30 w/v%, electrospinning cannot be performed due to
the high viscosity of the solution, inducing polymer deposition on the needle surface and jet
instability. Therefore, the PVDF/DMF system is not conducive to obtaining electrospinning
PVDF nanofibers without beads. It is necessary to find a way to reduce the solution’s
viscosity and the beads.

A o B
’..‘ ..
& [
» Jo 5 i
&: 0.1 ._,*'.':‘ &: 01 | !"\
[ IRl 2R L S @B W C
L f e
C C
0.01 0.01

PVDF concentration (%) PVDF concentration (%)

Figure 1. Viscosity (Pa-s) of the polymer solutions (A) PVDF in DMF, (B) PVDF in DMF/acetone—
2/3) vs. PVDF concentration (w/v%) (circles correspond to experimental points).
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Figure 2. SEM micrographs of the electroatomized PVDF-DMEF solutions (V =20 kV, TCD = 25 cm,
FR =1 mL/h).

The use of acetone in DMF solution results in a decrease in viscosity (Figure 1B). The
slope of the curve changes when the PVDF concentration is 10 w/v%, and 20 w/v%, which
shows the C* of PVDF solution in the PVDF/DMEF/acetone system is 10 w/v%, and the Ce
of PVDF/DMF/acetone system is 20 w/v%. The structure and viscosity of electrospinning
PVDF follow the rules mentioned above when most solvents can be fully volatilized. As
illustrated in Figure 3, microspheres are obtained at concentrations less than 10 w/v%,
and the nanofibers appear when the concentration exceeds 10 w/v%. PVDF nanofibers
without beads structure can be obtained when the PVDF concentration exceeds 20 w/v%
(Ce). However, when the PVDF concentration is 30 w/v%, it is difficult to continue the
electrospinning process because of the jet instability and polymer deposition on the needle
surface. Therefore, 25 w/v% PVDF/DME/acetone solution was selected to discuss the
factors affecting the electroactive phase of PVDF nanofibers.

[ . S
=25 wW/V % \v‘w
S

AN
&

7 g'%é?,,\??’n-‘,
f ’:a @ /

)
Wi}b ZALLY
AT

Figure 3. SEM micrographs of the electroatomized PVDF-DMF/acetone solutions (V = 20 kV,
TCD =25 cm, FR =1 mL/h).
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3.2. Factors Affecting the Electroactive Phase of PVDF Nanofibers
3.2.1. Applied Voltage

The stretching of the polymer jet under high applied voltage during the electrospinning
process orients the PVDF molecular chain dipoles, allowing the o to 3 crystalline phase
changes [42]. In the electrospinning process, applied voltage has a significant effect that
can effectively stretch the polymer jet compared to other parameters (feed rate, etc.) [43].
To study the effect of stretching the polymer jet on the electroactive phase of PVDEF, in this
section, PVDF nanofibers obtained under different applied voltages were prepared, and
the structure and properties of PVDF nanofibers and electroactive phase were discussed.

The influence of applied voltage was investigated, keeping the needle’s value constant
at 20 G, with a feed rate of 1 mL/h and a TCD of 20 cm. According to Figure 4A, when the
voltage is 15-30 kV, the PVDF materials obtained by electrospinning are entirely nanofibers.
The nanofiber diameter was recorded in Table 1. As the voltage increases, the diameter of the
nanofibers decreases. This is because as the voltage increases, the increase in electric field
leads to the enhanced stretching effect of Coulomb force on the jets, resulting in a decrease
in the diameter of the PVDF nanofibers obtained [44]. According to Figure 4B and Table 1,
as the voltage increases, the crystallinity of PVDF nanofibers does not significantly change.
As the voltage increases, the stretching of the polymer jet increases, which is beneficial to
the increase in crystallinity. Meanwhile, the increased electric force causes the velocity of
the polymer jet to increase, resulting in a decrease in the time between the polymer solution
from the needle tip to the collector, which cannot allow the macromolecular polymer chains
to reorganize [45]. These two antagonistic effects cause no significant change in crystallinity
as the voltage increases.

Figure 4D shows the FTIR curves of PVDF nanofibers obtained at different voltages.
In these spectra, the absorbance bands at 764 cm ™! (CF, bending and skeletal bending),
795, and 975 cm~! (CH, rocking) are due to the « phase of PVDF nanofibers [46]. An
absorbance band at 840 cm~! (CH, rocking and CF; stretching) is attributed to the 3 and
v phases [47]. The absorbance bands at 1276 and 1433 cm ™! (CH, wagging) represent
the 3 phase [48]. The absorbance bands at 774, 812, and 1235 cm ™! are the existence of
the v phase [49]. The absorbance band of «, 3, and 'y phases do not vanish, meaning all
three phases exist under different voltages. As the voltage increases, the intensity of the
absorption peak at 975 cm~! tends to weaken at first and then increase, showing that as
the voltage increases, the a phase in PVDF nanofibers first decreases and then increases.
The specific values of the electroactive phase of PVDF nanofibers prepared under different
voltages can be obtained by deconvolving the peak at 840 cm~! (Figure 4E). As shown in
Table 1, the increase in voltage has no noticeable change on the vy phase of PVDF nanofibers,
but it affects the content of 3 phase. With the increase in voltage, the content of electroactive
phase and (3 phase of PVDF nanofibers increases, reaching a peak value at a voltage of 20 kV.
As the voltage continues to decrease, the electroactive phase and the  phase decrease.
Similar results can be obtained by deconvolving the DSC curves (Figure 4C), showing that
the increase in voltage is beneficial to the production of the electroactive phase of PVDEF,
especially the 3 phase. This is due to the stretching effect of the high electric field on the
polymer jet. Furthermore, this stretching effect benefits the transformation of phase « to
phase 3 in PVDE. However, excessively high voltage causes the instability of the polymer
jet and reduces the electroactive phase of PVDF, which is not conducive to the formation of
the 3 phase.

The F()1otal of PVDEF nanofibers prepared with different voltages shows that as the
voltage increases, the F(f3)ota reaches the peak value at 20 kV, and as the voltage continues
to increase, the F(f3)ryta1 decreases. The voltage is 20 kV, the 3 phase in PVDF nanofibers
is the highest. The result of d33 shows (Table 1) that when the voltage increases from 15
to 20 kV, d33 increases from 9.0 to 11.4 pC/N. Increasing the voltage from 20 to 30 kV,
dz3 decreases from 11.4 to 7.8 pC/N. The PVDF nanofibers have the best piezoelectric
properties when the voltage is 20 kV. The change in d33 is consistent with the change of



Coatings 2022, 12,1310

90f17

Heat Flow (W/g) Exo —~

Normalised absorbance (a.u.)

L L
100 150

Temperature (°C)

i,
o TR e gt 30KV

= TS svsns. ©
"

20 kV

30 kV ; é

L L L
1000 1200 1400

Wavenumber (cm™')

15 kV 18 kV 20 kV
B B
T a a Y«
25 kV 28 kV 30 kV
[ B
T« a T a

F(B)1ota1 of PVDEF nanofibers, which shows that the content of the 3 phase is an essential
factor affecting the piezoelectric properties of PVDE.

Figure 4. (A) SEM images, (B) DSC curves, (C) deconvolution of the DSC curves, (D) ATR-FTIR
curves, and (E) deconvolution of the ATR-FTIR spectra (920-700 cm ') of PVDF nanofibers under
different voltages (25 w/v% PVDF, DMF/acetone = 2/3, TCD =20 cm, FR =1 mL/h, V = 15-30 kV).
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Table 1. The fiber diameter, Fga, F(), F(y) and Xc data of PVDF nanofibers under different voltages
(25 w/v% PVDF, DMF/acetone =2/3, TCD =20 cm, FR =1 mL/h, V = 15-30 kV).
Applied Voltage (kV) 15 18 20 25 28 30
Fiber diameter (nm) 304 + 29 296 + 42 253 + 44 241 + 40 203 + 51 190 + 64
Fga (%) 765+ 1.1 815+ 1.6 922 +0.3 882+ 05 90.6 £ 0.4 859+ 1.0
FTIR F(B) (%) 48.7 £ 1.3 55.0 £ 1.2 722 +2.1 61.7 £ 0.6 64.0 £ 0.5 58.8 + 1.8
F(y) (%) 27.8 £0.2 26.5 4+ 0.5 19.9 + 2.0 26.5 4+ 0.3 26.5+ 04 27.14+0.9
Fga (%) 70.0 71.7 78.4 66.6 66.7 69.1
F(B) (%) 43.6 55.0 57.6 50.4 484 439
DSC F(y) (%) 26.4 16.7 20.8 16.2 18.3 25.2
Xc (%) 36.5 484 45.3 439 41.7 38.1
F(B)total (%) 15.9 26.6 26.1 22.1 20.2 16.7
dsz (pC/N) 9.0+ 1.3 10.8 + 1.1 114 +2.1 85+13 9.3+1.0 78 +£1.0
o« 0.227 0.412 0.467 0.326 0.153 0.214
Goodness 0.190 0.280 0.320 0.160 0.200 0.290

3.2.2. Tip to Collector Distance (TCD)

Figure 5 shows the PVDF nanofiber structure, and the electroactive phase obtained by
changing the TCD in the electrospinning process. SEM images show that with the increase
in TCD from 13 to 25 cm, the structure of the beads in PVDF nanofibers decreases, and the
diameter of PVDF nanofibers first increases from 254.89 to 280.34 nm and then decreases
from 280.34 to 167.54 nm. The electroactive phase of PVDF nanofibers increases with the
increase in TCD and reaches a peak at 25 cm (94.5% =+ 0.6%). According to research, the
increase in TCD is similar to the decrease in electric field intensity [50]. As the electric
field intensity decreases, the stretching effect of Coulomb force on the jets is weakened,
resulting in a decrease in the electroactive phase and an increase in the diameter of the
PVDF nanofibers. However, the change in TCD is not consistent with this. As the TCD
increases from 13 to 25 cm, the electroactive phase in PVDF nanofibers increases. This is
because during the electrospinning process, the factors that affect the electroactive phase
and nanofiber structure are not only the stretching effect of the electric field on the polymer
jet, but also the volatilization of the solvent.

The solvents’ volatility significantly affects the electrospinning result for the electro-
spinning PVDF solution prepared with two solvents (DMF and DMF/acetone). Incomplete
solvent volatilization makes it challenging to obtain PVDF nanofibers without bead struc-
ture and adversely affects the electroactive phase of PVDF nanofibers. Incomplete solvent
volatilization results in more structured beads. Compared with the fiber structure, the
polymer molecular chains in the structure of the beads are difficult to polarize, which is not
conducive to generating electroactive phases [44].

With the increase in TCD, on the one hand, the decrease in the electric field intensity
leads to the weakening of the stretching effect of the electric field on the polymer jet. On
the other hand, the solvent in the polymer solution has sufficient time to volatilize, and the
electric field force fully stretches the polymer jet. Stretching reduces the formation of the
beads structure, which is conducive to forming more electroactive phases. Therefore, as
TCD increases, the electroactive phase in PVDF nanofibers increases.

3.2.3. Feed Rate

The feed rate is another factor that affects the stretching of the polymer jet. Figure 6
shows different electrospinning PVDF nanofibers obtained by changing the feed rate
(0.3-3 mL/h) at the same voltage. The structure of PVDF nanofibers is shown in Figure 6A.
The SEM images show significant beads structure at low (0.3 mL/h) and high (3 mL/h)
feed rates. Additionally, with the increase in feed rate, the fiber diameter shows a trend
of increasing (Figure 6B). By comparing the electroactive phases of PVDF nanofibers
obtained with different feed rates (Figure 6C), it is found that as the feed rate increases,
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the electroactive phase, especially the 3 phase, shows a trend of first increasing and then
decreasing. This is because under the same voltage, as the feed rate increases, the stretching
effect of the electric field on the polymer jet decreases [51]. When the feed rate is minimal
(0.3 mL/h), similar to the use of too high a voltage for electrospinning, the excessive
stretching of the polymer jet by the electric field leads to the instability of the polymer jet.
Although the nanofiber diameter is reduced, it is not conducive to forming the electroactive
phase (Fga = 68.3 £ 1.2%). As the feed rate increases, the flow of the polymer jet tends to be
stable, which leads to an increase in the electroactive phase. When the electroactive phase
of PVDF reaches the peak value (1 mL/h, 92.4% =+ 0.8%), further increasing the feed rate
causes the electroactive phase to decrease because the flow of the polymer jet has stabilized;
continuing to increase the feed rate only weakens the stretching effect of the electric field
on the polymer jet, which eventually leads to a decrease in the electroactive phase.
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Figure 5. (A) SEM images and nanofibers diameter distribution, (B) mean nanofiber diameter, and (C)
Fga, F(B) and F(y) of PVDF nanofibers for different TCD values (25 w/v% PVDEF, DMF/acetone =2/3,
TCD =13-25cm, FR=1mL/h, V =20 kV).



Coatings 2022, 12,1310

12 of 17

A 0.3mL/h |

Fiber diameter (nm)
~ 153
(=4 n
> >

—
n
=

—
[
=

0.5mL/h

(=]

Seof
=
1]
b5
5 40
i F()
20 //‘\/._\"‘
0.5 1.5 ) 2.5 3 35 . L i MV
Feed rate (mL/h) 0 0.5 1 1.5 2 2.5 3 35
Feed rate(mL/h)

Figure 6. (A) SEM images and nanofibers diameter distribution, (B) mean nanofiber diameter, and (C)
Fga, F(B) and F(y) of PVDF nanofibers for different FR values (25 w/v% PVDF, DMF/acetone = 2/3,
TCD =25 cm, FR = 0.3-3 mL/h, V =20 kV).

3.2.4. Collector

In electrospinning, electric field stretching and solvent volatilization affect the polymer
solution from the needle tip to a collector. Therefore, the electrospinning result can be
controlled by adjusting various parameters (e.g., voltage, feed rate, and TCD). In addition,
the further stretching of nanofibers is also an effective method to increase the electroactive
phase. Using a mechanical stretching force to stretch the nanofibers can provide elongation
forces during electrospinning and organize the lamellae to form fibers aligned along the
fiber axis [52]. These facilitate the conversion of the o phase to the 3 phase. In this research,
a rotating collector was used to stretch PVDF nanofibers mechanically, and the results are
shown in Figure 6 and Table 2.
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Table 2. The morphologies, thermal properties, orientation, and piezoelectric properties of PVDF
nanofibers under for different rotating speeds (C) (25 w/v% PVDF, DMF/acetone =2/3, TCD = 25 cm,
FR =1mL/h, V =20 kV, rotating speed: 0-2000 rpm).

Rotating Speed (Rpm) 0 200 500 1000 1500 2000
Fiber diameter (nm) 198 + 25 191 £ 23 165 + 50 159 + 39 155 + 37 134 + 42
Fga (%) 86.7 £1.0 90.6 £1.1 87.7 £1.0 86.8 £ 1.1 87.4+£0.3 847+ 1.0
FTIR F(B) (%) 59.6 £ 2.1 63.1 £ 0.6 61.2+14 580+ 1.1 572 +£3.1 55.2+29
F(y) (%) 271 +£0.1 275+ 09 265+ 1.6 28.8 £4.5 30.2+45 29.5+ 3.0

Fga (%) 714 74.7 62.2 57.5 529 59.5

F(B) (%) 475 50.2 418 379 325 43.1

DSC F(y) (%) 239 245 20.4 19.6 20.4 16.4

Xc (%) 422 44.8 41.1 41.2 36.9 42.8

F(B)1ota1 (%) 20.0 25 17.2 15.6 11.9 18.4
dss (pC/N) 10.14 0.8 10.7 + 1.9 91+13 83+ 1.1 77407 724+ 14

o 0.571 0.756 0.848 0.902 0.967 0.981

Goodness 0.08 0.16 0.69 0.74 0.73 0.74

The results in Figure 7 and Table 2 show that as the rotating speed increases from
0 rpm to 2000 rpm, the diameter of PVDF nanofibers decreases from 198 nm to 134 nm,
and the nanofiber distribution changes from random to aligned. At the same time, as the
rotating speed increases from 0 to 200 rpm, the electroactive phase of PVDF nanofibers
increases from 86.7% = 1.0% to 90.6% =+ 1.1%. This is due to the mechanical stretching of
PVDF nanofibers provided by the rotating collector, which enhances the orientation of the
nanofibers and promotes the formation of the 3 phase. However, as the rotating speed
increased from 500 to 2000 rpm, the electroactive phase of PVDF nanofibers decreased
slightly, from 87.7% =+ 1.0% to 84.7% =+ 1.0%. This is because too high a rotating speed
does not allow the nanofibers to be fully stretched; the nanofibers break, weakening the
stretching effect [53]. The F(B)1ota1 of PVDEF nanofibers prepared with different rotating
speeds shows that as the rotating speed increases, the F(3)o, reaches the peak value at
200 rpm, and the F()1ota decreases when the rotating speed continues to increase from
500 to 2000 rpm. This shows that when the rotating speed is 200 rpm, the 3 phase in PVDF
nanofibers is the highest. The result of dz3 shows (Table 2) that when the rotating speed
increases from 0 to 200 rpm, d33 increases from 10.1 to 10.7 pC/N. Continuing to increase
the voltage from 200 to 2000 rpm results in dz3 decreasing from 10.7 to 7.2 pC/N. The
results of ds3 indicated that 3 phase play an essential role in the piezoelectric performance
of PVDE.

To quantitatively compare the arrangement of PVDF nanofibers with different rotating
speeds, in this research, we used the anisotropy index («) to describe the orientation of
PVDF nanofibers. As the rotating speed increases from 0 to 2000 rpm, the o increases from
0.571 to 0.981, which means that as the rotating speed increases, the distribution of the
nanofibers changed from random distribution to highly oriented distribution. Meanwhile,
as the rotating speed increases from 0 to 2000 rpm, the Goodness increases from 0.08 to 0.74.
Figure 8 shows the direction distribution of PVDF nanofibers. When the rotating speed is
0 rpm, the Goodness is 0.08, which means the direction distribution of the nanofibers does
not fit the Gaussian distribution. When the rotating speed increases from 200 to 500 rpm,
the Goodness increases from 0.16 to 0.74, which means that the direction distribution of
the nanofiber increases as the rotating speed increases. The results of Table 2 and Figure 8
show that the increase in rotating speed can enhance the nanofibers’ orientation and make
the nanofibers more regular.
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Figure 7. SEM images and nanofibers diameter distribution and nanofiber mean diameter distri-
bution of PVDF nanofibers for different rotating speeds (C) (25 w/v% PVDF, DMF/acetone =2/3,
TCD =25 cm, FR =1 mL/h, V = 20 kV, rotating speed: 0-2000 rpm).
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Figure 8. The orientation distribution of PVDF nanofibers for different rotating speeds (25 w/v%
PVDEF, DMF/acetone = 2/3, TCD = 25 cm, FR =1 mL/h, V = 20 kV, rotating speed: 0—2000 rpm).
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4. Conclusions

In this work, electrospinning PVDF nanofibers with a high electroactive phase were
prepared from DMF/acetone = 2/3 (volume ratio) solutions by optimizing the PVDF
concentration, voltage, feed rate, TCD, and rotating collector speed. By enhancing the
stretching of the polymer jet by the electric field (increasing the voltage or reducing the
feed rate), the diameter of the PVDF nanofibers can be reduced, and the electroactive
phase in the PVDF nanofibers can be effectively increased. However, excessively high
electric field strength causes the instability of the polymer jet, resulting in an increase in
the structure of the beads and a decrease in the electroactive phase (the content of the
electroactive phase decreased from 92.2% =+ 0.3% to 68.3% =+ 1.2%). The solvent volatilizes
completely by increasing solvent volatilization (adding acetone as a mixed solvent or
increasing TCD). Furthermore, fewer bead structures are generated, which can effectively
improve the electroactive phase of PVDF nanofibers from 89.5% =+ 0.7% to 94.5% =+ 0.6%.
The further stretching of PVDF nanofibers reduces the diameter of PVDF nanofibers and
enhances the electroactive phase of PVDF nanofibers.

In addition, this work discussed the influence of the properties of the solution on the
structure of PVDF nanofibers. The effect of four different dispersion states of polymer
molecular chains in solution on electrospinning is discussed. When the solvent can be fully
volatilized, PVDF nanofibers with a beadless structure can be obtained, as the concentration
of the PVDF solution is greater than the entanglement concentration.
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