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ABSTRACT: Piezoelectric polymers are promising energy materials for wearable and  Flectrospinning conditions Enhanced piezoelectric

implantable applications for replacing bulky batteries in small and flexible electronics. Mol WV B f:::r:i':vcew

Therefore, many research studies are focused on understanding the behavior of polymers 1 & 4 - 5\\\ = L,L 'Wf !
at a molecular level and designing new polymer-based generators using polyvinylidene ' /) N )
fluoride (PVDF). In this work, we investigated the influence of voltage polarity and High Humidity _Negative e T T

voltage polarity Resistance [Q]

ambient relative humidity in electrospinning of PVDF for energy-harvesting applications. A
multitechnique approach combining microscopy and spectroscopy was used to study the
content of the f-phase and piezoelectric properties of PVDF fibers. We shed new light on B-phase crystallization in electrospun
PVDF and showed the enhanced piezoelectric response of the PVDF fiber-based generator produced with the negative voltage
polarity at a relative humidity of 60%. Above all, we proved that not only crystallinity but also surface chemistry is crucial for
improving piezoelectric performance in PVDF fibers. Controlling relative humidity and voltage polarity increased the ds;
piezoelectric coefficient for PVDF fibers by more than three times and allowed us to generate a power density of 0.6 yW-cm™>
from PVDF membranes. This study showed that the electrospinning technique can be used as a single-step process for obtaining a
vast spectrum of PVDF fibers exhibiting different physicochemical properties with f-phase crystallinity reaching up to 74%. The
humidity and voltage polarity are critical factors in respect of chemistry of the material on piezoelectricity of PVDF fibers, which
establishes a novel route to engineer materials for energy-harvesting and sensing applications.

KEYWORDS: PVDF, polymer crystallinity, electrospinning, piezoelectricity, voltage polarity

B INTRODUCTION of applications ranging from biomedical to energy-harvesting
systems. It was successfully used as a membrane in protein
detection systems, an electrolyte in rechargeable cells, part of
rewritable memory, a substrate for crystalline ice growth, and

The need for sustainable energy sources capable of meeting the
ever-increasing energy demands of our world has spurred the
development of energy-harvesting technologies such as piezo-

electrics and triboelectrics.' Current research in piezoelectric cell scaffolds with controlled surface charge.””"* PVDF can
polymers is focused on wearable and flexible devices that could crystallize in at least four known phases which are related to
be incorporated into smart textiles such as biosensors, motion different chain conformations and these are as follows: trans
trackers, high-sensitivity acoustic sensors, and generators for and gauche (TG'TG") for a and §, all-trans (TTTT) for f3,
always-on peripherals. Moreover, there is a growing need for and (T,G*T,G") for y.”'*'* The all-trans f-phase exhibits the
piezoelectric polymers that could be used as active scaffolds for highest piezoelectric response among all the PVDF phases
bioengineering applications.” because of its lack of symmetry in the distribution of negatively

Most of the mechanical energy is wasted; thus, several charged fluorine ions, which generates an electric dipole and
options have been studied to harness and convert it into other thus a piezoelectric response."> Numerous experimental
energy forms. Piezoelectric generators are materials capable of techniques for obtaining high concentrations of the f-phase

transforming mechanical stress into electricity. Many piezo-
electric devices use ceramic materials such as barium titanate
and lead zirconate titanate. These have exceptional energy-
harvesting efficiency; however, they are cost-intensive, brittle,
and hard to process.”® Piezoelectric polymers are a promising
alternative with polyvinylidene fluoride (PVDF) being the
main candidate. PVDF combines high piezoelectric, pyro-
electric, and ferroelectric properties with high mechanical
strength, high thermal stability, and biocompatibility.”® With
its unique properties, PVDF has found use in a broad spectrum

in PVDF have been investigated including mechanical
stretching of polymer films, annealing, exposing to a strong
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Figure 1. Schematic showing the principle of the electrospinning procedure used to investigate the humidity and voltage polarity effects on the

surface chemistry of PVDF fibers.

electric field, ultrafast cooling rates during melt crystallization,
and incorporation of additives.”'®™*° One of the most
promising techniques is electrospinning combining electrical
poling and mechanical stretching to produce a high content of
the f-phase in PVDF. This fabrication process is often used in
scaffold production for tissue engineering,”"** energy harvest-
ing,23 filtration,”* water collection,”® production of hydro-
phobic materials,"®”” and many more. During the electro-
spinning process, the electric field applied to polymer solution
introduces electrical polarization. The formation of the cone-
jet introduces the mechanical stretching of the polymer jet to
the counter electrode. Both electrical and mechanical effects
present in electrospinning allow single-step acquisition of
PVDF fibers rich in f-phase content.”***” Among other
parameters, the humidity during electrospinning was found to
promote a higher fraction of the y-phase in the solution-
deposited PVDF films,*° high film roughness,31 and changes in
surface morphology of PVDF fibers, causing wrinkling.””**
Similarly, wrinkling was observed in electrospun polymethyl
methacrylate (PMMA) fibers and in polystyrene (PS), in
which additionally, the internal porosity was present.’” In the
case of alternating voltage polarity, the surface potential on
PVDF fibers was controlled.® Other research has confirmed
that voltage polarity during electrospinning affected the
composition of polycaprolactone and nylon 6 (PA6) electro-
spun fibers””** and was successfully used to enhance the
triboelectric performance of PMMA fibers.”> Based on these
findings, we propose that in PVDF, negative and positive
voltage polarity allows us to interact with negatively charged
fluorine groups present on the surface of the fibers and thus
provides a tool to manipulate their surface chemistry and
potential influencing the piezoelectric properties of fibers. As
shown in Figure 1, the fluorine groups are repelled by negative
voltage polarity and conversely can be attracted by the
application of positive voltage polarity during electrospinning.
Piezoelectricity of electrospun PVDEF fibers was often
correlated with a high degree of crystallinity, dimensional
reduction of fibers, incorporation of additives, nonlinear
extrinsic responses, poling, size, and chain orientation parallel
to the surface;”****” however, we propose that piezoelectricity
can be modified with the two often missed parameters in
electrospinning: voltage polarity and humidity. Thus, the aim
of this study was to investigate the effect of voltage polarity and
the ambient humidity during electrospinning on the PVDF
chemistry by f-phase contents and piezoelectric response in
PVDF fibers. We investigated the properties of both single
fibers and the fiber network with a broad range of
measurement techniques to perform a comprehensive study
of PVDF properties across several length scales. Fiber
morphology was investigated using scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).
The chemical composition of the fibers surface was

investigated using X-ray photoelectron spectroscopy (XPS).
The phase composition of PVDF was measured using Fourier-
transform infrared (FTIR) spectroscopy, differential scanning
calorimetry (DSC), and wide-angle X-ray diffraction (WAXS).
The piezoelectric response of single fibers and their top-
ography were obtained from piezoresponse force microscopy
(PFM), and the piezoelectric response of a fiber mesh was
measured using a custom-built setup consisting of a linear
motor and multimeter. Our work demonstrates the synergistic
effect of nonstandard negative voltage polarity and high
humidity conditions on piezoelectric performance of PVDF
fibers showing a new, easily transferable approach for energy-
harvesting devices. The surface chemistry of PVDF can be
controlled, leading to changes in the piezoelectric effect.

B EXPERIMENTAL SECTION

Solution Preparation. A PVDF (M,, = 275,000 g mol ™, Sigma-
Aldrich, UK) pellet was dissolved in a 1:1 solution of dimethylace-
tamide (DMAc, analytical standard, Avantor, Poland) and acetone
(analytical standard, Avantor, Poland) to produce a polymer solution
with a concentration of 24 wt %. The solution was stirred for 4 h at a
constant speed of 700 rpm on a hot plate set to SO °C (IKA RCT
basic, Germany).

Electrospinning. Electrospinning of PVDF was carried out with
the EC—DIG apparatus with the climate upgrade system (IME
Technologies, The Netherlands). A constant voltage of 15 kV with
positive and negative polarity was applied to the stainless needle with
an inner diameter of 0.8 mm located 18 c¢m from the grounded
collector plate. The flow rate of the solution for all samples was set to
6 mL-h™', and the time of electrospinning was 8 min in each case.
Ambient temperature during electrospinning was kept constant at 25
°C and humidities of 30 and 60% were used. The produced fibers
were collected on a copper grid with holey carbon films for TEM
study and on silicon wafers coated with a 10 nm layer of gold for XPS
and PEM. For SEM imaging and DSC and WAXS studies, fibers were
electrospun directly on Al foil. Prior to SEM imaging, the electrospun
fibers were coated with a 3 nm layer of gold using a rotary-pump
sputter coater (Q1SORS, Quorum Technologies, UK).

FTIR samples were prepared with electrospinning on paper frames
attached directly to the steel drum. Finally, the piezoelectric generator
mesh was electrospun directly on aluminum foil which served as one
of the electrodes in the experiment.

Characterization Techniques. Using SEM (Merlin Gemini II,
Zeiss, Germany), the samples were imaged with an accelerating
voltage of 3 kV and 150 pA current at a working distance of 3—8 mm.
The measurements of the fiber diameter were performed utilizing Fiji
(Image], v1.51, NIH, USA) software, and 100 measurements of
individual fibers for each type of sample were carried out by drawing a
perpendicular line across the fiber to obtain the fiber diameter
values.*® After freeze-fracturing fibers in liquid nitrogen, samples were
fixed using carbon tape to stubs. TEM (Tecnai G2 20 Twin,
ThermoFisher, USA) was used to investigate the morphology of
PVDF fibers with bright field imaging at an accelerating voltage of 200
kv.

https://dx.doi.org/10.1021/acsami.0c02578
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Figure 2. SEM micrographs and corresponding histograms including the curve showing the cumulative percentage of fiber diameters for all the
PVDF samples: (a) PVDF30+, (b) PVDF30—, (c) PVDF60+, and (d) PVDF60—. The average diameter of fibers (D) with standard deviation
values is indicated on SEM images. Representative images of all samples from freeze-fracture cross-sections of fibers (e) PVDF30+ and (g)
PVDF60+ in comparison to TEM images (f) PVDF30+ and (h) PVDF60+.

The angle-resolved XPS analysis was carried out using a scanning
VersaProbe II XPS system (PHI, USA) with monochromatic
radiation from aluminum Ka (1486.6 eV) focused to a 100 um
spot. The photoelectron take-off angle was set to 10° for surface
information, and the pass energy in the analyzer was set to 23.50 eV
to obtain high-energy resolution spectra for the C 1s and F 1s regions.
The aligned fibers were measured perpendicular to the analyzer
entrance; thus, in such a way, the curvature of the material was not
affecting angle-resolved measurements. A dual-beam charge compen-
sation with 7 eV Ar" ions and 1 eV electrons was used to maintain a
constant sample surface potential regardless of the sample
conductivity. The operating pressure in the analytical chamber equals
4 X 107 mbar. Deconvolution of spectra was carried out using
MultiPak software (PHI, USA). The spectrum background was
subtracted using the Shirley method.

WAXS investigations of crystal phases were performed using a D8
DISCOVER high-resolution X-ray diffractometer (Bruker, USA)
equipped with a 1-D position-sensitive Lynx Eye detector. The
monochromatic radiation of wavelength 4 = 0.154 nm was used. The
optics used were a parallel Goebel mirror, 1 mm circular slit, and 1
mm collimator. Fiber mats were removed from Al foil, folded to a
thickness of 0.5 mm for high output and better statistics, and
examined in the transmission mode at 21 °C. The time of registration
was 1 s per point with a resolution of 26 = 0.02°. For comparison, the
sample consisting of the native PVDF pellet was examined. In order to
determine sample phase content, before deconvolution of the peaks,
profiles were subtracted using a background scan and second-order
polynomial. DSC measurements were carried out using a Pyris 1
differential scanning calorimeter (PerkinElmer, USA) equipped with
Intracooler 2P. Thermal analysis was performed at a heating rate of 10
K-min~'. For statistics, five separate samples, weighing 10 mg each,
were examined. IR spectroscopy was performed with an FTIR 6800
TypeA spectrophotometer (Jasco, USA) to investigate the overall
crystallinity of PVDF fibers and to distinguish the precipitated phases.

The atomic force microscopy (AFM) based investigations were
carried out using MultiMode 8 (Bruker, USA). For the investigation,
all PVDF fibers were deposited on the gold-coated silicon substrate.
The piezoresponse of the PVDF fibers was confirmed by lateral PFM.
The internal lock-in amplifier was used to detect the piezoresponse
signal equipped with conductive Pt/Cr-coated silicon tips (spring
constant 3 N m™), operating in the contact mode for imaging of
topography and relative polarization by lateral PEM. For ferroelectric-
induced dipole orientation measurement, the PFM signal was

13577

measured without the poling process in the AFM system. The
piezoelectric dj; coeflicient in terms of electromechanical response
was measured as a function of the applied AC bias which was applied
between the AFM tip and the electrode deposited on the sample
bottom surface. The change in PFM amplitude was measured for the
applied AC bias from 2 to 10 V. Calibration was carried out based on
periodically poled lithium niobate (LiNbO;, Bruker, USA) for which
the piezoelectric coefficient is 7.5 pm-V™, for details, see Figure 6Sa
in the Supporting Information. The slope of the resultant trend
(0.61554 mV-V™') and piezoelectric coefficient of LINbO, allowed us
to calculate the vertical sensitivity of our instrumentation as 12.185
pm'mV ™. PVDF fiber samples were measured in the same manner
and adjusted to the calculated sensitivity, for details, see Figure 6Sb in
the Supporting Information.>~*

Piezoelectric response from the bulk was investigated using the
custom-built setup based on a linear motor. The sample was a 15 X 10
mm nanofiber network, placed between Al electrodes and connected
with copper wires. One side of the generator was fixed to the
nonconductive glass slide, while the other was isolated from the
environment with insulating tape creating a closed system. The
energy-harvesting measurements were conducted by placing the
sample onto a fixed stage and cyclically tapping it with an arm
attached to a linear motor. The arm was a 15 X 10 mm punching plate
matching precisely the size of the sample, ensuring uniform force
distribution across the contact area. The cyclic forces tested were 1, S,
10, 15, and 20 N with 1 Hz frequency to ensure reliable readings, and
for power measurements, 20 N force at 1 Hz frequency was used. The
voltage and current were measured across resistances from 1k to 100
M Q. Voltage measurements were performed by connecting a
multimeter (Keithley 2002, Keithley Instruments, USA) in parallel,
whereas current data were recorded using a picoammeter (Keithley
6487, Keithley Instruments, USA) in series. The schematics of the
setup are presented in Figure 6.

B RESULTS AND DISCUSSION

In this study, we evaluated the effect of voltage polarity (+)
and humidity (30/60%) during electrospinning. This method
allowed us to control the surface and bulk properties of fibers
using the one-step approach, removing the need for any post
electrospinning treatment. The PVDF fibers were manufac-
tured via electrospinning, as shown in Figure 1. In the
following, electrospun fibers produced with 60% humidity are
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Figure 3. Characterization of electrospun PVDF fibers: (a) FTIR
spectra of PVDF30+ and PVDF60+ samples, with data vertically
shifted for better comparison, (b) WAXS profiles registered in
transmission. The diffraction peaks belonging to the a-phase, (100,
020, 110, and 021) along with those of the f-phase (200/110) are
labeled, and (c) DSC heating scans.

labeled as PVDF60+ and PVDF60— for positive and negative
polarity, respectively, whereas samples produced with 30%
humidity are labeled as PVDF30+ and PVDF30—, respectively.
The sign of the used polarity refers to the bias applied to the
electrospinning needle with respect to the grounded collector.
The fibers’ morphology and diameter histoograms are shown in
Figure 2, confirming the previous results.”

We purposely produced only randomly oriented fibers as we
want to minimize the additional mechanical stretching effect
caused in aligned PVDF fibers by the rotatin% collector as it
was reported to increase crystallinity.”'®'**>* In the case of
fibers obtained at 60% humidity, the wrinkled surface
morphology was observed for both voltage polarities, and the
average fiber diameter was similar: 1.26 + 0.5 um for
PVDF60+ and 1.46 + 0.61 pum for PVDF60— samples. On
average, PVDF30 fibers yielded about 0.5 um smaller
diameters than PVDF60 fibers with 0.83 + 0.53 pm and
0.80 + 0.45 pum for PVDF30+ and PVDF30—, respectively,
and theses fibers had a smooth surface. Our findings are in line
with results obtained for different sets of solvents such as
dimethylacetamide and acetone and the dimethylacetamide/
tetrahydrofuran/acetone mixture where humidity affected the
structure of the obtained PVDF fibers. Low humidity
conditions yielded smooth uniform fibers and higher humidity
led to wrinkling and porosity, indicating that our findings are
applicable for different solvents too.””*” We believe that in our
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Figure 4. PFM scans of individual PVDF fibers showing (a) AFM
topography and LPFM images, (b) and summary of the PFM
amplitude for samples produced at 60% humidity (+) and 30%
humidity (+).
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Figure S. Piezoelectric d;; coefficient plot of single PVDF fibers as
measured with PFM. Measurements represented in this plot are
shown in Figure 6S of the Supporting Information.

case, water from the humid environment was absorbed into the
jet and acted as a nonsolvent for PVDF during electrospinning.
Thus, vapor-induced phase separation preceded solidification
because of a much slower evaporation rate of DMAc, which
was the main solvent. Therefore, the internal voids and surface
wrinkling for PVDF60 fibers without the presence of open
porosity were observed similarly to previous studies on
electrospun PS and PVDF fibers.””**

Cumulative percent calculations (continuous curves in the
histograms in Figure 2a—d) showed that for all the samples,
fibers below 1.5 um constitute more than 50% of the entire
population of the produced polymer fibers. No clear
differences in the morphology of fibers were found when
comparing samples prepared at different voltage polarities. The
TEM investigation of fibers and SEM of a freeze-fractured
cross-section of fibers revealed the internal porosity of
PVDF60+ fibers in opposition to PVDE30+. These results
showed the straightforward effect of humidity on fibers’
internal structure and surface morphology. In fact, the
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Figure 6. Schematic representation of the (a) piezoresponse measurement setup and (b) generator from randomly oriented PVDF mats.

Table 1. Summary of Crystallinity and Chemical Composition Measurements of all the PVDF Samples from WAXS, DSC,

FTIR, and XPS“

WAXS DSC DSC calculated crystallinity XPS FTIR
sample 5 (6] %6 % (%] mm T [C]  AH,0g'] x4 %y [%] = FC Fp M
PVDF pellet 34.6 0 34.6 0 171 £ 0.2 38.6 +£ 0.2 369 + 0.2 0 36.9 + 0.2
PVDF30— 21.7 7 28.7 0.32 168.5 £ 0.5 53.1 £ 0.6 299 + 03 10.0 £ 0.1 39.9 + 04 0.83 S0
PVDF30+ 21.5 7.3 28.8 0.34 167.7 £ 0.3 547 £ 0.9 303 + 0.5 104 + 0.2 40.7 £ 0.7 0.88 52
PVDF60— 12.2 14.2 26.4 1.16 166.8 + 0.2 56.8 +£ 0.2 158 £ 0.1 18.3 £ 0.1 341 £ 02 0.78 70
PVDF60+ 12.9 14.1 27 1.09 166.6 + 0.3 56.2 + 0.4 163 + 0.1 178 £ 0.1 341 +£02 0.89 74

“Details on crystallinity calculation from WAXS and DSC are provided in the Supporting Information. In the case of the WAXS results, the
absolute maximum error is 3% and between the samples may be treated as negligible (see deconvolution details in the Supporting Information).

environmental conditions during electrospinning affect the
evaporation rate of solvents from the solution and determine
the final morphology and properties of the obtained polymer
fibers.*>** Differences in the morphology of PVDF60 and
PVDEF30 fibers were related to water penetration during the
time of the liquid jet, which caused polymer expansion, leading
to the higher average diameter and porous structure of fibers
obtained at 60% humidity, indicated in Figure 2ab,gh. A
similar effect has been previously reported for hydrophobic
polymers.***>*” Importantly, PVDF fibers electrospun from
DMF/acetone solution followed the same trend, indicating a
similar effect regardless of the used solvents.*®

The phase composition of PVDF was investigated using
FTIR. The FTIR spectra of fibers electrospun with positive
voltage polarity at different humidity conditions are shown in
Figure 3a. Spectra comparing fibers electrospun at different
voltage polarities can be found in Figure 1S in the Supporting
Information. The polar f-phase absorption bands at 510, 840,
1274, and 1430 cm™" appear distinctly in all the samples, while
the typical features of the nonferroelectric a-phase (530, 612,
760, 796, and 970 cm ') are clearly indicated in the samples
obtained at lower ambient humidity (PVDF30 samples). The
relative fraction of the f-phase for each sample was estimated
by analyzing FTIR results according to the following
equation49

E(p) = A/ (1264, + Ay) (1)
where A, and Ay indicate the intensities of the FTIR peaks at
760 cm™' and 840 cm™', respectively. This approach was
chosen based on previous research on PVDF crystallinity. A
factor of 1.26 for the a-phase is added to compensate the
difference in the absorption coefficients, which are 6.1 X 10*
and 7.7 X 10* cm*mol™" for @ and f phases, respectively.”””"

PVDF60 samples exhibit about 20% higher amounts of the
P-phase when compared to their PVDF30 counterparts for
both positive and negative voltage polarities, giving 74 and
70% for PVDF60+ and PVDF60— compared to 52 and 50%
for PVDF30+ and PVDF30—, respectively. Zaarour et al
reached 87.5% of the p-phase for PVDF electrospun from

DMF/THF/acetone solution.”” Higher crystallinity values in
the samples processed at 60% humidity are associated to water
priming on the surface of the polymer jet, which causes a
longitudinal deformation of polymer chains, observed in
wrinkling of fibers (Figure 2gh). This effect increases the
content of f crystallites.>” The S-phase orientation is
influenced also by stress,'” which happens during pore
formation inside PVDF60 fibers. Additionally, we investigated
the influence of the voltage polarity in electrospinning on the
p-phase. Results highlight a modest increase of the S-phase
content for fibers electrospun with positive polarity, namely, by
2 and 3% for fibers electrospun at 30 and 60% of humidity,
respectively.

WAXS and DSC techniques were used to investigate further
the phase composition and thermal characteristics of electro-
spun PVDF fibers. In the WAXS profile for a PVDF pellet,
shown in Figure 3b, only the a-phase is present; therefore, it is
used as a reference for other phases present in electrospun
PVDF. The WAXS profiles registered for electrospun fibers
show clearly a much lower intensity at positions of the a-phase
diffraction peaks. WAXS profiles for PVDF60 samples evidence
more of the f-phase than profiles for PVDF30 samples,
indicated by a lower intensity of the @021 diffraction peak at
20 = 26° and a higher intensity of the $200/110 diffraction
peak at 26 = 20.4°. In order to reveal quantitatively the effect
of humidity and polarity on the B-phase content, deconvolu-
tion of the WAXS profiles was performed. Values of the a- and
P-phase contents are collated in Table 1 along with all the
corresponding deconvoluted profiles. The deconvolution
procedure details are provided in the Supporting Information
in Figure 3S.

The DSC heating scans presented in Figure 3¢ show only a
single endothermic peak related to melting of the crystal
phases for each sample. The higher melting temperature was
observed for high content of a-phase samples: a pellet and
PVDEF30 fibers. Moreover, for a PVDF pellet and fibers spun at
low humidity, PVDF30, which are of high content of the a-
phase, the melting peak is much narrower than for fibers with
higher f-phase content, that is, electrospun at high humidity,
PVDF60. The temperature of the melting peak, T, and the
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melting heat, AH,, determined from the DSC scans are shown
in Table 1. From these data, it is seen that the higher the -
phase content, the higher the melting heat, AH,, and lower the
melting temperature, T,;. These results seem very reasonable as
the f-phase is considered as the low-temperature phase of
PVDF; however, its equilibrium melting temperature, T is
not known. Moreover, it is generally accepted that the S-phase,
because of strong polar interactions between parallel dipoles
existing in the TTT conformation, should have much higher
melting enthalpy than the a-phase. In the literature, the
melting enthalpy of the f-phase is reported as ca. 220 J-g~" in
comparison to 104.5 J-g™" for the a-phase,”” which was very
often used in previous studies showing high $-phase content in
PVDEF.

Our results confirm higher melting enthalpy of the f-phase
as obtained values of the melting heat increase with the
increase of the #-phase content. With the melting enthalpies of
the @ and S phases assumed as 104.5 and 220 J-g>*
respectively, and taking the x4/x, ratio as determined from
WAXS, we calculated x, and x4 from the melting heat, AH,,, as
measured by DSC. Calculated x,, x4 and x_ values for fibers
and a pellet were found linearly related to WAXS results, see
Table 1. This means that the phase content values from WAXS
and the characteristic melting heat values from DSC are well
correlated. However, higher content values were obtained from
the melting heat (DSC) than from WAXS. This outcome is
due to the higher sensitivity of the DSC method. The thermal
effects in DSC are arising from melting of imperfect crystals,
which are excluded in the WAXS method. Additionally,
explanation for the higher phase content, as determined from
DSC, is related to hidden recrystallization and crystal
improvement occurring during the DSC heating scan,
especially when highly imperfect crystals are present in fibers,
resulting in a substantial increase in the size of the final melting
peak. The plot of calculated crystallinity from DSC versus
crystallinity from WAXS is included in the Supporting
Information, Figure 48.

The results from WAX, DSC, XPS, and FTIR presented in
Table 1 highlight an increase of the f-phase for PVDF fibers
electrospun with positive voltage polarity compared to those
electrospun with the negative voltage polarity. These changes
were induced by either repelling negatively charged fluorine
groups at the surface of PVDF fibers, when using negative
charges, or attracting them when using positive voltage
polarity. This was confirmed with XPS results summarized in
Table 1. A similar effect of voltage polarity influence on the re-
orientation of the functional groups at the surface of
electrospun fibers was observed for oxygen in the case of
PAG.>

The controlled humidity during electrospinning has the
strongest effect on the phase content in the electrospun PVDEF.
The highest f-phase content of 14% was observed for
PVDF60, and for PVDF30, it was two times lower (at 7%).
Additionally, slightly higher overall crystallinity, x, was
obtained at a humidity of 30%. Voltage polarity had a minor
effect on the phase content, as seen in the WAXS, DSC, and
FTIR results, Figure 3. However, the voltage polarity caused a
significant change in the surface chemistry of PVDF fibers, as
indicated by XPS, performed at the grazing angle, thus giving
chemical content from an approximate depth of 2 nm. The
investigated fluorine to carbon ratio (F/C) showed that the
highest amount of F~ at. % at the fiber surface was obtained for
PVDF60+ in opposition to the lowest amount measured for

PVDF60—, confirming the previous results.® In all cases, PVDF
fibers showed higher F~ content at the fibers’ surface when
electrospun with positive voltage polarity because the
conditions lead to attraction of negatively charged F~ groups
toward the fiber surface. The fluorine to carbon ratio, F/C
ratio, in PVDF is presented in Table 1, and all the XPS spectra
are presented in Figure 5S, including detailed values in Table
1S and exemplary WESS spectra of PVDF60+ in Figure 2S in
the Supporting Information. Voltage polarity affected the
surface chemistry regardless of the relative humidity during
electrospinning of PVDEF.

To verify the effect of surface chemistry and the bulk of
PVDF fibers on their properties, their piezoelectric perform-
ance was investigated. First, we carried out measurements
highlighting the piezoelectric effect using PFM. In Figure 4, the
topography, PFM amplitude, and phase images of PVDF fibers
are displayed. PFM was performed on fibers with a comparable
diameter (~2 pm) under equal environmental conditions to
enable comparison of the PFM amplitudes affected by the
voltage polarity during electrospinning. The graphical
representation of PFM results in Figure 4b indicates that
negative voltage polarity during electrospinning leads to
enhanced piezoelectric response in both cases. Despite higher
overall crystallinity, the PVDF60+ fibers exhibit lower PMF
amplitude than PVDF30—, which was caused by the voltage
polarity affecting fibers’ surface properties. The PVDF60—
fibers yielded the best results by combining high f-phase
content, higher overall crystallinity, and modified surface
chemistry. Importantly, the PFM phases of PVDF60+ and
PVDF30+ have had a similar polarization direction. In the
PFM measurement, we focused on the top part of the PVDF
fibers for the comparison of the same contact area between the
AFM probe and the sample surface. Moreover, the polarization
of PVDF fibers obtained at 60% humidity showed a more
dominant direction than that of fibers obtained at 30%
humidity as the PVDF60+ and PVDF60— exhibit a higher
poling effect as a relatively high concentration of the f-phase
was measured. Therefore, both surface chemistry and
structural properties such as crystallinity were affecting the
piezoelectric performance of PVDF fibers.

Confirming PEM amplitude results in Figure 4, the ds;
piezoelectric coeflicient measurements show the increase from
1.655 to 2.565 pm-V~' for PVDF30+ and PVDF60+,
respectively. More importantly, with negative voltage polarity,
we observe a sharp increase to 3.194 and 5.558 pm-V~' for
PVDF30— and PVDF60—, respectively. As observed with
other techniques, PVDF60— fibers show exceptional perform-
ance when compared to other PVDF samples. Additionally,
PVDF60— fibers performed more than two times better than
its PVDF60+ counterpart, showing the synergistic effect of
humidity and voltage polarity on piezoelectric properties of
electrospun fibers.

Furthermore, the piezoresponse from the fiber network was
investigated using a custom-built setup shown in Figure 6. In
Figure 7a, the power measurement results are presented for all
PVDF generators prepared from PVDF fibers in the form of
mats. The highest power output was recorded for the sample
PVDF60—. This result confirmed PFM results as the
PVDF60— sample was found to have the highest piezoelectric
response from the surface, see Figures 4 and S. The PVDF60—
generator had a maximum average power output of 0.91 W at
a load resistance of 40 MCQ, whereas PVDF60+ had a
maximum average output of 0.58 W at 100 M, under the
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Figure 7. Piezoelectric performance of generators built from
electrospun PVDF fibers produced at H = 30% (PVDF30) and at
H = 60% (PVDF60): (a) power output of different PVDF generators.
(b) rms voltage and current of all tested PVDF samples across load
resistances from 1k to 100 MQ.

testing conditions used. For PVDF30 generators, the maximum
outputs were 042 W and 0.33 yW at 40 and 100 MQ
resistances for PVDF30+ and PVDF30—, respectively. The
PVDF60— membrane, therefore, produced a maximum output
power that was three times higher than that of the PVDF30—
device and more than 0.32 yW higher than PVDF60+. Fibers
prepared at 60% humidity were found to generate significantly
higher amounts of power. At 100 €2, the PVDF60+ sample
produced 200.4 nW more power than PVDF30+ and similarly,
PVDF60— produced 326.5 more power than PVDF30—. The
power density outputs of the mats were 0.60, 0.39, 0.28, and
022 uW-cm™ for PVDF60—, PVDF60+, PVDF30+, and
PVDF30—, respectively. Our mats show an exceptional output
compared to the literature and our devices at right conditions
generated up to about 660 nW, whereas the measured
generated power values are generally in the range of 10—100
nW.>>** It should be noted that the direct power output
comparison of PVDF mats is challenging because of the
variation in mat thickness and porosity between studies.
Regarding the fatigue tests, the PVDF fibers showed even
better mechanical stability than already tested fiber-based
power generators.”’ Piezoresponse measurements confirmed
results from PFM and shed new light on the usage of voltage
polarity and humidity as key factors to tailor chemistry and the
piezoelectric performance of electrospun PVDF fibers.

B CONCLUSIONS

We proposed a single-step method to enhance surface
chemistry and the piezoelectric performance of electrospun
PVDF fibers that can be controlled via voltage polarity and
relative humidity during electrospinning. The piezoelectric
response of PVDF fibers was measured and correlated to
surface chemical composition analyzed with XPS. We also
included extensive SEM and TEM studies of surface and
internal structure of fibers giving comprehensive insight into
the PVDF fibers obtained with different processing conditions.

13581

Importantly, we observed that humidity affects the internal
structure of fibers and its phase composition regardless of the
surface chemistry that can be controlled via voltage polarity.
The spectroscopy investigation proved that higher humidity
during electrospinning leads to higher f-phase content in
fibers. These results were confirmed by WAXS and DSC,
which showed almost two times higher concentrations of the
P-phase in PVDF60 samples compared to PVDF30. Therefore,
we confirmed that electrospinning at higher humidity leads to
higher amounts of the p-phase in electrospun fibers.
Importantly, higher humidity was correlated with a higher
PFM amplitude and dj; coeflicient; thus, PVDF60— fibers
were the most piezoelectric of all samples because of the
combination of higher humidity and negative voltage polarity
effects exhibiting the ds; coefficient as high as 5.558 pm-V™*
and generated up to 0.60 yW-cm™> of power when used as a
generator. This unique study showed the importance of
manufacturing settings and their impact on desired properties
of fibers in electrospinning which can be applied in energy-
harvesting devices and beyond.
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