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Abstract

Despite the significant potential of organic piezoelectric materials in the electro-mechanical or mechano-
electrical applications that require light and flexible material properties, the intrinsically low piezoelectric
performance as compared to traditional inorganic materials has limited their full utilization. In this study, we
demonstrate that dimensional reduction of poly(vinylidene fluoride trifluoroethylene) (P(VDF-TrFE)) at the
nanoscale by electrospinning, combined with an appropriate thermal treatment, induces a transformative
enhancement in piezoelectric performance. Specifically, the piezoelectric coefficient (ds;) reached up to -108 pm
V™!, approaching that of inorganic counterparts. Electrospun mats composed of thermo-treated 30 nm nanofibers
with a thickness of 15 pm produced consistent peak-to-peak voltage of 38.5 V and power output of 74.1 uW ata
strain of 0.26% while sustaining energy production over 10k repeated actuations. The exceptional piezoelectric
performance was realized by the enhancement of piezoelectric dipole alignment and the materialization of
flexoelectricity, both from the synergistic effects of dimensional reduction and thermal treatment. Our findings
suggest that dimensionally controlled and thermally treated electrospun P(VDF-TrFE) nanofibers provide an
opportunity to exploit their flexibility and durability for mechanically challenging applications while matching

the piezoelectric performance of brittle, inorganic piezoelectric materials.
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Introduction

Applications of piezoelectric materials have grown in the broad fields of actuators, sensors, and more
recently for miniaturized energy harvesting electronics (e.g., wearable devices)."” The piezoelectric conversion
of salvageable mechanical energy (e.g., bodily movements and ambient vibrations) provides a sustainable
electric source. Although inorganic piezoelectric materials such as lead zirconate titanate (PZT) and barium
titanate (BaTiO;) exhibit excellent piezoelectric properties, their brittle nature limits the applicability and long-
term stability in flexible devices and mechanically challenging applications.

In this regard, organic polyvinylidene fluoride (PVDF) and its derivatives including a conjugated form
with trifluoroethylene, P(VDF-TrFE), have demonstrated promising properties for flexible piezo- and
ferroelectric applications.”” PVDF is semi-crystalline, a critical characteristic for its mechanical compliance, and
consists of three main phases depending on the conformation of the fluorine atoms to one another.® The o-phase
is energetically favorable and is composed of chains conformed in trans (T) and gauche (G) linkages (i.e.,
TGTG’), which does not exhibit a molecular net dipole charge. The electroactive phases of PVDF include the -
phase (TTTT) and y-phase (T5GT3G’) for which the chain exhibits a net dipole charge perpendicular to the chain
c-axis. Local crystalline domains, composed of either of the electroactive phases, respond to an external
mechanical or electrical stimulus to produce the piezoelectric response. Therefore, the main approaches to
enhance the piezoelectric properties of PVDF have been by increasing the electroactive phase content via
mechanical/electrical poling ° and thermal treatment.'’ Alternative approaches include stabilization of the
electroactive phases at room temperature by incorporation of phase stabilizers (e.g., TrFE), which modulates
polymer chain organization via steric hindrance.* ' With approximately an order of magnitude lower
piezoelectric coefficient, however, the piezoelectric performance of organic-based materials even with such
efforts do not compare to their inorganic counterparts.

Recent studies of inorganic piezoelectric materials have shown significant piezoelectric enhancement via
dimensional reduction below 100 nm."? In regards to organic-based materials, we have previously shown that a
decrease in the fiber diameter of P(VDF-TrFE) via electrospinning induced enhancement of the piezoelectric

properties, primarily due to an increase in the electroactive phase content and Young’s modulus of the
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nanofibers."”® Nevertheless, the piezoelectric coefficient of P(VDE-TrFE) has not reached comparable levels of
those found in commonly used inorganic piezoelectric materials.

In this work, the electrospinning process of P(VDF-TrFE) was optimized via solution tuning to produce
the smallest possible nanofibers with an average fiber diameter of approximately 30 nm. Combined with a
thermal treatment, the dimensional reduction in the nanofibers unexpectedly resulted in the highest piezoelectric
coefficient (ds;) from any pure organic piezoelectric material, to the best of our knowledge, at approximately -
108 pm V™. This value approaches the magnitude of the piezoelectric coefficient in inorganic piezoelectric
materials. We demonstrate that this transformative improvement in the piezoelectric properties of P(VDF-TrFE)
is largely due to the combination of an enhancement of the polarized domain alignment and the materialization
of flexoelectricity, only realized by synergistic interactions between dimensional reduction and thermal

treatment.

Experimental

Electrospinning of P(VDF-TrFE) nanofibers

A systematic approach was utilized to optimize solution properties including viscosity, conductivity and
surface tension, in order to synthesize P(VDF-TrFE) nanofibers with an average fiber diameter of approximately
30 nm (Figure S1-S5, Table S1). A solution containing 1.3 wt.% P(VDF-TrFE) (70/30 mol%) (Solvay Group,
France) dissolved in a 50/50 volume ratio of N,N-dimethylformamide (DMF) (Fisher Scientific, Pittsburgh, PA)
and tetrahydrofuran (THF) (Sigma-Aldrich, St. Louis, MO), supplemented with 1.5 wt.% pyridinium formate
(PF) buffer (Sigma-Aldrich, St. Louis, MO) and 0.05 wt.% BYK-377 (BYK Additives and Instruments, Wesel
Germany) to increase and decrease the solution conductivity and surface tension, respectively, was utilized.
Alternatively, P(VDF-TrFE) nanofibers with an average diameter of 90 nm were synthesized from a 4.0 wt.%
P(VDF-TrFE) solution dissolved in 60/40 volume ratio of DMF and acetone (Fisher Scientific, Pittsburgh, PA)
supplemented with 1.5 wt.% PF buffer.”® Each solution was separately electrospun under optimized conditions of
electrospinning distance (20 cm), applied voltage (approx. -15 kV) and solution feed rate (0.5 ml hr™") at 23 °C

and an absolute humidity of 7.6 g m™.
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Morphological characterization and phase analysis of P(VDF-TrFE) nanofibers

The morphology of electrospun nanofibers was characterized by scanning electron microscopy (FEI
NNS450, FEI Corp., Hillsboro, OR). Fourier transform infrared (FTIR) of the electrospun fibers was conducted
in absorbance mode from 600 to 1600 cm™ with an Equinox 55 FTIR spectrometer (Bruker Corp., Billercia,
MA). Five independent samples per condition were utilized to determine an average value of electroactive phase
content. X-ray diffraction (XRD) peaks from each condition were collected from 20 of 10-50° using an
Empyrean X-ray diffractometer (PANalytical, Almelo, the Netherlands), and their patterns were analyzed to
determine degree of crystallinity. Lattice constants were also determined from the XRD patterns. The

combination of FTIR and XRD data was utilized to calculate the overall electroactive phase content."

Piezoelectric coefficient measurement

To properly measure the piezoelectric coefficient, a standard periodically poled lithium niobate (PPLN)
with a known piezoelectric coefficient was used to determine a correction factor for all subsequent
measurements. Nanofibers were sparsely collected on a gold coated, thermal-oxide silicon substrate and
subjected to single-point piezoresponse force microscopy on individual fibers. A MFP-3D AFM (Asylum
Research, Santa Barbara, CA) was first used in tapping imaging mode to locate an individual fiber.
Subsequently, the AFM was switched to PFM mode where single point spectroscopy measurements were
conducted on five separate points along the length of each fiber with a specific fiber diameter. Step voltages
from -3 to +3 V was applied across the fiber via the AFM cantilever (AC240TM, Olympus) to the grounded
substrate. Alternatively, the thin film structure was achieved by collecting a thin fiber mat of 30 nm average
diameter fibers on the same substrate and thermo-treated at 135 °C, and subjected to PFM measurements. A

value of d3; was calculated by,

A
d33 =@fa

where 4 is the amplitude response of the nanofiber in response to an applied voltage (V), Q is the quality factor

of the AFM cantilever, and f'is the correctional factor taken from the PPLN standard.
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Electric output measurements
Nanofibrous mats of approximately 15 pm thickness were utilized for electric output measurements using a
vibrational system modified from our previous report."® Briefly, the samples were cut to a rectangle with a size
of 47x12 mm’ and assembled into a cantilever using brass substrates (51x16 mm?) (Figure S6). Since
electrospinning process inherently induces mechanical stretching and electric field exposure to form fibers, the
poling direction of piezoelectric materials has been shown to be perpendicular to the plane of the substrate."” .
Therefore, the piezoelectric polarization direction of the nanofiber mats is perpendicular to the electrodes in the
device. A proof mass of 2.3 g was placed at the end of the clamped cantilever to induce a bending strain under
vibration. Voltage was measured utilizing an oscilloscope (Pico Technology, St Neots, United Kingdom) and
power was calculated by utilizing the internal resistance of the oscilloscope (10 MQ).

Alternatively, the same cantilever design was utilized in a custom-made strain cycler to demonstrate the
durability of the flexible P(VDF-TrFE) after long-term strain exposure. Briefly, a 120 rpm gear motor was used
as the driving force for an eccentric sheave that converts rotary to a linear reciprocating motion on a beam

affixed to a ball bearing rail. The sample was driven for approximately 85 minutes to cycle the sample at 2 Hz

for 10,000 cycles (Movie S1).

In addition, utilizing the same cantilever setup, the sample was fixed to a fitness armband to demonstrate
the practical application of turning on low power wearable devices. The electrical leads from the cantilever was
connected to a full-bridge rectifier to convert the AC voltage signal generated from the P(VDF-TrFE) to a DC

output to power on and off multiple blue LEDs when the arm is repeatedly bent and extended (Movie S2).

Strain-gradient computational simulation

To determine the strain profile induced within an individual nanofiber under the compressive strain
exerted by the AFM probe during piezoresponse measurements, a finite element analysis of structural mechanics

by COMSOL Multiphysics was utilized. An arbitrary aspect ratio of 5:1 (length: diameter) was used to model
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the nanofiber. The length was large enough to contain the AFM probe, which was modeled as a circular punch
with a diameter of a 120 nm in order to encompass the 90 nm diameter nanofiber but small enough to reduce
computational time. The cross section of the fiber was modeled as a core-sheath structure which has been shown
to arise during electrospinning process due to non-uniform solvent evaporation, where the sheath thickness is
independent and constant over a range fiber diameters.'”'® To assign the proper mechanical properties of the
core and sheath for modelling, measured Young’s Modulus data from individual P(VDF-TrFE) fibers having

various fiber diameters were fitted with a non-linear regression of a rules of mixture model,'®
4 4 4 4
E,D;, =ED,;+E(D;,-D,),

where E; is the measured elastic modulus of the fiber, E. is the elastic modulus of the core, E; is the elastic
modulus of the sheath, Dy is the fiber diameter, and D. is the diameter of the core. The core and sheath moduli
were calculated to be approximately 1 and 6400 GPa, respectively, with a sheath thickness of approximately 8
nm. The AFM probe and underlying supporting substrate for the fiber were assigned with values of silicon
within the built-in library. Fixed boundary constraints were applied to the AFM probe and substrate, and a fixed
displacement of the AFM probe of -15% of the fiber diameter was used to impose compression on the fiber. The
strain value was selected based on the average applied strain between the individual 30 and 90 nm diameter
fibers during the actual PFM measurements at a fixed force. The third principle strain was observed for the
analysis of the strain profile with respect to the diameter of the nanofiber and the differential of this strain with

respect to the z-coordinate through the length of the cross-section was plotted for strain gradient analysis.

Results and Discussion
Synthesis of P(VDF-TrFE) nanofibers and their piezoelectric characterization

The piezoelectric properties of P(VDF-TrFE) nanofibers with an average fiber diameter of 90 nm
(Figure 1a) or 30 nm (Figure 1b) were examined as-spun without thermal treatment (23 °C) or subsequently
thermo-treated at 90 °C for 24 h. Figures 1c and 1d show that the thermal treatment did not alter the
nanostructure of electrospun P(VDF-TrFE) for either size of 90 or 30 nm average fiber diameter, respectively.

To investigate the effects of dimensional reduction and thermal treatment on the piezoelectric coefficient, single-
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point piezoresponse force microscopy (PFM) measurements were conducted on individual fibers with
approximately 30 or 90 nm fiber diameter. Figure 1e shows that the amplitude response of an individual 25 nm
fiber is approximately 2-fold greater than that of an 85 nm nanofiber. Interestingly, the difference in the
piezoelectric response between the two fiber sizes was further increased by the thermal treatment (Figure 1f).
The exponential increase of d3; in response to reduction of the fiber diameter to a 30 nm range is shown in
Figure 1g. More substantially, the thermal treatment combined with the dimensional reduction, induced a
synergistic effect on the enhancement of ds;, especially below the fiber diameter of approximately 45 nm,
reaching up to an average of -108 pm V™' for a 28 nm nanofiber, the highest value reported for purely organic

piezoelectric materials.

Piezoelectric performance of P(VDF-TrFE) nanofiber mats

To compare piezoelectric performance, 15 pum-thick mats composed of various electrospun P(VDF-
TrFE) nanofibers with an average diameter of 30 nm, thermo-treated at 23 °C and 90 °C, or 90 nm at 23 °C were
subjected to a controlled mechanical strain for energy generation (Figure S6). Figure 2a and 2b show the peak-
to-peak voltage and electric power generation as a function of applied strain, respectively, determined from the
raw output voltage of the nanofiber mats under different applied strains (Figure S7). All measurements were
conducted at open circuit, where the greatest electric output is observed (Figure S8). As expected, an increase in
electric output is observed by simply reducing the fiber dimension from 90 to 30 nm due to the enhanced d;.
The thermal treatment of 30 nm nanofibers at 90 °C further increased the electric output, producing
approximately 38.5 V and 74.1 pW at the maximum applied strain of 0.26%, an impressive enhancement of
approximately 120% and 350% over those of untreated 90 nm nanofibers. Although a direct comparison to
values in literature is not fully practical due to diverse testing platforms, the electric output reported here is at
least an order of magnitude greater as compared to other PVDF piezoelectric based devices.* '**' Even with the
limitation of applied strains, the observed 2.6 V,,, um™, normalized to the thickness of the sample, at a strain of

0.26% outperforms the electric output values ranging from approximately 0.19 - 0.26 V,,, pm™ in those studies.
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Typical inorganic piezoelectric materials such as PZT and BaTiO; possess relatively low flexural yield
strains of well below 0.2%.”* This limits the application of inorganic piezoelectric materials typically to low
displacements at high frequency ranges (hundreds of hertz).”***In contrast, we have demonstrated that P(VDF-
TrFE) flexible nanofiber mats were able to operate at larger strains and at low frequencies (a few to tens of
hertz). Additionally, the durability of electrospun P(VDF-TrFE) nanofibers was tested by subjecting the material
to an actuation regimen repeated over 10,000 cycles at 2 Hz (Movie S1). Open-circuit voltage measured before
and after the 10,000 cycles show that the sample maintained its piezoelectricity after the rigorous dynamic
straining (Figure 2¢). Considering the fact that the synthesized P(VDF-TrFE) nanofibers at 30 nm in this study
exhibits a piezoelectric coefficient value similar to that of thin film BaTiO;, we expect the organic piezoelectric
material to be more efficient in its performance where inorganic-based materials would otherwise fail.”>*’ The
exceptional flexibility with the potent piezoelectricity of electrospun P(VDF-TrFE) is demonstrated in an
application for a wearable device in Figure 2d (i). A 15 pum-thick mat of 90 nm diameter fibers without the
thermal treatment or 30 nm diameter fibers with the thermal treatment is attached to a fitness armband and
connected to a full-bridge rectifier with a series of Super Bright blue LEDs. When the arm is in the extended
static state the LEDs remains off (90 nm: Figure 2d (ii), 30 nm: Figure 2d (iii)). A cycle between arm flexion
and extension results in the LEDs turning on and off without the need for a capacitor (Movie S2). The mat
composed of 90 nm diameter fibers was only able to turn on a maximum number of 3 LEDs (Figure 2d (iv))
while the mat composed of the thermo-treated 30 nm diameter fibers was able to light 10 LEDs (Figure 2d (v)).
Therefore, our findings of the synergistic effects arising from dimensional reduction and thermal treatment on
the piezoelectric performance of P(VDF-TrFE) nanofibers present promising potential applications for flexible

thin-film-like devices.

Electroactive phase content quantification and its correlation to ds;
To understand the mechanism of such transformative enhancement on the piezoelectric performance of
P(VDF-TrFE) nanofibers, synergistically by dimensional reduction and thermal treatment, the overall content of

electroactive phases, the major determinant of ds;, was quantitatively determined by Fourier transform infrared
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spectroscopy (FTIR) and X-ray diffraction (XRD). The FTIR spectra of P(VDF-TrFE) nanofibers having an
average diameter of 30 or 90 nm, both with and without the thermal treatment, are shown in Figure 3a, and were
utilized to calculate the electroactive phase content in the crystalline domains (Figure 3b). The electroactive
phase content of the as-spun P(VDF-TrFE) nanofibers (23 °C) increased as a function of fiber diameter. As
expected from the PFM results (Figure 1), the thermal treatment further increased the electroactive phase
content up to a maximum average of approximately 94% at the 30 nm average fiber diameter.

The XRD spectra of these fibers (Figure 3c) were subjected to peak deconvolution to quantify the
degree of crystallinity as a function of fiber diameter and thermal treatment (Figure 3d). As expected, an
increase in the degree of crystallinity was observed in the thermo-treated samples. The overall piezoelectric
response of P(VDF-TrFE) nanofibers are likely derived from and proportional to the overall electroactive phase
content, which was calculated from the product of electroactive phase in the crystalline and the degree of
crystallinity (Figure 3e). Surprisingly, the increase in electroactive phase content was not proportional to that in
the piezoelectric coefficient as 5% increase in electroactive phase content at the smallest fiber diameter by the
thermal treatment resulted in approximately 35% increase in d;. Figure 3f shows an extrapolation of ds; with
respect to electroactive phase content of as-spun (23 °C) nanofibers, which predicts a ds; value of approximately
-60 pm V' at 100% electroactive phase content. However, the 25 nm nanofiber shows a deviation from this
prediction, reaching almost -60 pm V™' at the electroactive phase content of only 71%. Such deviation was
further escalated by the thermal treatment, exhibiting a ds; of =108 pm V™' for a 28 nm P(VDF-TrFE) nanofiber
at an overall electroactive phase content of 76%. The unexpected aberration of ds;, as much as approximately
35% increase from the prediction by electroactive phase content quantification, led us to investigate alternative

mechanisms responsible for such a substantial increase.

Piezoelectric dipole alignment
Electrospinning has been shown to induce polymer chain alignment by restricting the degree of freedom
in chain organization due to fiber elongation during the process, resulting in the high aspect ratio.” *’ It has been

also shown that the annealing of electrospun fibers further enhances chain alignment via thermo-induced chain
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re-arrangement.’”*' To determine the effects of dimensional reduction and/or the thermal treatment on polymer
chain/dipole alignment, hence piezoelectric performance, PFM phase imaging was conducted on P(VDF-TrFE)
nanofibers with 30 or 90 nm average fiber diameter both as-spun (23 °C) and after the thermal treatment at 90 °C
(Figure 4). Precise fiber location was determined from tapping imaging mode (3D images as shown), and the
PFM phase imaging was conducted along the length of the fiber (inset) from which phase angle distribution
profiles were determined. It should be noted that the pyramidal geometry of the AFM tip causes an imaging
artifact in which the fiber appears wider than the actual fiber diameter (height) in the 3D image. Statistical
analysis of the phase angle histograms from 3 independent nanofibers per condition shows that both dimensional
reduction and the thermal treatment enhanced the alignment of piezoelectric domains in electrospun P(VDEF-
TrFE). The thermal treatment of 90 nm decreased the average phase angle from 15.3 + 9.9° (Figure 4a) to 2.9 +
2.3° (Figure 4b) while the dimensional reduction to 30 nm decreased it to 4.0 = 3.0° (Figure 4c). More
significantly, the thermal treatment of 30 nm fibers further enhanced the piezoelectric phase alignment, resulting
in an average phase angle of 2.7 + 2.2° (Figure 4d), partly explaining the observed substantial increase in ds;

synergistically by dimensional reduction and thermal treatment.

Nanoscaling effects

To examine if nanostructuring of P(VDF-TrFE) via electrospinning also contributed to the substantially
enhanced dj;, the nanofibers having an average fiber diameter of 30 nm were alternatively thermo-treated at 135
°C to destroy the nanostructure and subsequently subjected to piezoelectric characterization. Figure 5a depicts
that this post-spinning thermal treatment abolished the nanofibrous structure, resulting in a rough film
morphology. Albeit the loss of the nanofibrous structure, phase and crystallinity characterization by FTIR
(Figure S9a) and XRD (Figure S9b) shows an increase in the total electroactive phase content (Figure 5b and
Figures S10a, S10b). In spite of the high electroactive phase content, however, piezoelectric response
dramatically decreased by the absence of the nanofibrous structure (Figure 5c¢). The ds; of the melted fiber mat
after the thermal treatment at 135 °C exhibited a significantly reduced coefficient of -54 pm V™' when compared

to that of the 90 °C treated nanofibers at -108 pm V™. Interestingly, the d;; of an individual 30 nm nanofiber
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after the thermal treatment at 135 °C, which retained its nanofiber structure, exhibited a similar value (-110 pm
V) to that of the individual nanofibers thermo-treated at 90 °C. Furthermore, when compared to the results
presented in Figure 2a, destruction of the nanofibrous morphology by the thermal treatment at 135 °C resulted
in a significant decrease in the open-circuit voltage production (Figure S11) of 38.5 V and 74.1 uW from the 90
°C sample down to 30.4 V and 46.2 uW at the highest strain (Figure 5d) comparable to the 23 °C sample whose
ds; 1s also comparable to the melted mat. These results demonstrate that the nanostructuring of P(VDF-TtFE) is
critical for the enhanced piezoelectric performance.

Possible mechanisms to account for the substantial increase in ds; from nanostructuring could be
stemmed from piezoelectric crystal lattice change and/or flexoelectricity. Computational analysis of hexagonal
GaN nanowires of varying diameter has shown that the absolute polarization and localized dipole moment are
significantly affected by the dimension due to interatomic rearrangement with respect to wire diameter.”> To
examine if such lattice restructuring caused the transformative enhancement in the piezoelectric properties of
electrospun P(VDF-TrFE), the unit cell lattice constants were calculated from the XRD data (Figure 3C and
S8b). We note no significant change in the crystal lattice size for the 30 nm average fiber diameter samples
thermo-treated at 23, 90 and 135 °C as well as nanofibrous mats of 90 nm average fiber diameter thermo-treated
at 23 and 90 °C (Table S1). This may indicate insignificant atomic restructuring that affects piezoelectricity in
P(VDF-TrFE) nanofibers, different from what was shown for the computationally determined GaN nanowire by
dimensional reduction.

Another possible nanoscaling effect is the materialization of flexoelectricity by the dimensional
reduction due to the close confinement of the surface and interior molecules/atoms.” ** More specifically, the
same surface stresses imparted on nanoscale materials composed of a few to tens of molecular layers induce
greater strain gradients as compared to those of bulk materials.””>” These large strain gradients have been shown
to impose a reconfiguration of the lattice structure and induce polarity in otherwise centrosymmetric materials
which results in piezoelectric-like properties.*® Such phenomenon, known as flexoelectricity, is also expected to

35,39

further enhance piezoelectric responses in already piezoelectric materials by a similar mechanism, where the

large strain gradient may further polarize the material likely in the non-electroactive phase under mechanical
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loading.* In this regard, electrospinning creates a structure that may intensify flexoelectricity as it produces a
thin sheath on the surface of the fibers due to non-uniform evaporation of solvent during the process.'”*' The
thickness of the sheath, which exhibits a greater molecular density, hence higher mechanical modulus compared
to the core,'™ ** has been shown to remain constant independent of fiber diameter.'"® To determine the sheath
thickness as well as the elastic moduli of the core and the sheath from P(VDF-TrFE) nanofibers, the modulus of
P(VDF-TrFE) nanofibers with various fiber diameters was measured and fitted into a rule of mixture model
(Figure 6a)."® By utilizing the calculated parameters (sheath thickness: 8 nm, core modulus: 1 GPa, and sheath
modulus: 6400 GPa), computational simulation results show that a compressive strain of 15% induces a greater
radial strain gradient, perpendicular to the fiber length, in the smaller 30 nm fiber as compared to that of the 90
nm fiber (Figure 6b). Specifically, a significantly greater strain gradient in the 30 nm fiber near the fiber surface
is observed likely due to the increasing contribution of the sheath as the overall fiber diameter decreases and the
dramatically different moduli of the core and the sheath (Figure 6c¢). This indicates that dimensional reduction in
combination with the native core-sheath structure of electrospun fibers, is critical to induce large strain gradients
in the smaller nanofibers under mechanical loading, resulting in the realization of the flexoelectric phenomenon

to augment piezoelectricity.

Conclusions

In summary, we investigated the effects of dimensional reduction and thermal treatment on the
piezoelectric properties of electrospun P(VDF-TrFE). In particular, we report the highest d3; piezoelectric
coefficient observed for a purely organic-based piezoelectric material. With dimensional reduction to
approximately 30 nm in diameter of electrospun P(VDF-TrFE) nanofibers and post-spinning thermal treatment,
we unexpectedly achieved a ds; value of -108 pm V™'; an almost 60% increase as compared to as-spun nanofibers
having a 3 times larger fiber diameter. Such transformative enhancement in piezoelectric performance was partly
due to increased electroactive phase content, quantified by FT-IR and XRD. More significantly, we showed that
the combination of dimensional reduction and thermal treatment synergistically induces the tightly distributed

alignment of the electroactive domains and manifests the flexoelectric effect through greater strain gradients.
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Overall, we demonstrate that proper synthesis of organic-based piezoelectric nanofibers at the nanoscale via
optimized electrospinning and thermal treatment promotes a transformative enhancement of piezoelectric
properties that are comparable to currently available inorganic materials while providing significantly superior

mechanical resiliency.
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Figure Captions

Figure 1. Morphology and piezoelectric properties of P(VDF-TrFE) nanofibers with various fiber
diameters. (a — d) Scanning electron microscopy (SEM) images of electrospun P(VDF-TrFE) nanofibers with an
average fiber diameter of 90 nm (a and c) and 30 nm (b and d) before (a and b) or after (¢ and d) a thermal
treatment at 90 °C for 24 hours (scale bar = 1 pm). (e, f) Piezoelectric responses from individual P(VDF-TrFE)
nanofibers before (e) and after (f) the thermal treatment, determined by piezoresponse force microscopy (PFM).
(g) Piezoelectric coefficient (d3;) as a function of fiber diameter for as-spun or thermo-treated P(VDF-TrFE)

nanofibers (n=5).

Figure 2. Piezoelectric performance and durability of P(VDF-TrFE) nanofibers. (a and b) Applied strain-
dependent electric outputs ((a) peak-to-peak voltage and (b) peak-to-peak power) of P(VDF-TrFE) nanofibrous
mats. (¢) Open circuit voltage responses before and after 10,000 cycles of straining at 2 Hz. (d) Wearable
P(VDF-TrFE) nanofibrous mat piezoelectric armband (i) powering a different maximum number of blue LEDs

diameter fibers (iii & V).

Figure 3. Fiber size- and thermal treatment-dependent changes in electroactive phase content and their
correlation to the piezoelectric coefficient, d;;. (a) FTIR spectra of electrospun P(VDF-TrFE) mats composed
of nanofibers with an average diameter of 30 or 90 nm with or without a thermal treatment at 90 °C for 24 hours
were used to quantify electroactive phase content in (b). (¢) XRD spectra of electrospun P(VDF-TrFE) mats
composed of nanofibers with an average diameter of 30 or 90 nm with or without the thermal treatment at 90 °C
were used to calculate degree of crystallinity in (d). (e) The overall electroactive phase content calculated from

(b) and (d). (f) Correlation between d;; and overall electroactive phase of P(VDF-TrFE) nanofibers.

Figure 4. Phase angle distribution of P(VDF-TrFE) nanofibers with an average diameter of 90 or 30 nm
with or without the thermal treatment at 90 °C. (a) As-spun 90 nm diameter fibers showing a wider phase

angle distribution centered approximately around 15.3° compared to (b) the thermo-treated 90 nm nanofibers,
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determined from the corresponding representative PFM phase image shown above the histogram. (c) The
decrease in fiber diameter from 90 nm to 30 nm narrowed the phase angle distribution and (d) was further
narrowed by the thermal treatment, yielding a tighter distribution around 2.7°. n = 3000 (1000 measurement

points, 3 independent fibers)

Figure 5. The effects of nanofibrous structure on the piezoelectric properties of P(VDF-TrFE). (a)
Destruction of nanofibrous morphology, from P(VDF-TrFE) nanofibers with an average diameter of 30 nm, after
the thermal treatment at 135 °C, examined by SEM (scale bar = 1um). (b) Thermal treatment-dependent
electroactive phase content of P(VDF-TrFE) nanofiber mats with an average fiber diameter of 30 nm. (¢) PFM
comparison of an individual 30 nm fiber and a melted film after the thermal treatment of a mat composed of
multiple 30 nm fibers both at 135 °C. (d) Peak-to-peak voltage comparison of 30 nm nanofiber mats at 23, 90,

and 135 °C.

Figure 6. Fiber diameter dependent strain gradient. (a) Measured Young’s modulus of P(VDF-TrFE)
nanofibers as a function of fiber diameter and fitted with a rule of mixture equation to calculate the sheath
thickness, and the core/sheath modulus of the nanofibers. (b) The cross-sectional strain distribution within the
fiber of 30 nm or 90 nm diameter under a fixed -15% mechanical strain, simulated by COMSOL. (c) Strain
gradient within the fiber of 30 nm or 90 nm diameter as a function of cross sectional length (perpendicular to the

length of the nanofiber).
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Figure 1. Morphology and piezoelectric properties of P(VDF-TrFE) nanofibers with various fiber diameters. (a
- d) Scanning electron microscopy (SEM) images of electrospun P(VDF-TrFE) nanofibers with an average
fiber diameter of 90 nm (a and ¢) and 30 nm (b and d) before (a and b) or after (c and d) a thermal
treatment at 90 °C for 24 hours (scale bar = 1 pm). (e, f) Piezoelectric responses from individual P(VDF-
TrFE) nanofibers before (e) and after (f) the thermal treatment, determined by piezoresponse force
microscopy (PFM). (g) Piezoelectric coefficient (d33) as a function of fiber diameter for as-spun or thermo-
treated P(VDF-TrFE) nanofibers (n = 5).
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Figure 2. Piezoelectric performance and durability of P(VDF-TrFE) nanofibers. (a and b) Applied strain-
dependent electric outputs ((a) peak-to-peak voltage and (b) peak-to-peak power) of P(VDF-TrFE)
nanofibrous mats. (c) Open circuit voltage responses before and after 10,000 cycles of straining at 2 Hz. (d)
Wearable P(VDF-TrFE) nanofibrous mat piezoelectric armband (i) powering a different maximum number of

30 nm diameter fibers (iii & v).
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Figure 3. Fiber size- and thermal treatment-dependent changes in electroactive phase content and their
correlation to the piezoelectric coefficient, d33. (a) FTIR spectra of electrospun P(VDF-TrFE) mats composed
of nanofibers with an average diameter of 30 or 90 nm with or without a thermal treatment at 90 °C for 24
hours were used to quantify electroactive phase content in (b). (c) XRD spectra of electrospun P(VDF-TrFE)

mats composed of nanofibers with an average diameter of 30 or 90 nm with or without the thermal
treatment at 90 °C were used to calculate degree of crystallinity in (d). (e) The overall electroactive phase
content calculated from (b) and (d). (f) Correlation between d33 and overall electroactive phase of P(VDF-
TrFE) nanofibers.
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Figure 4. Phase angle distribution of P(VDF-TrFE) nanofibers with an average diameter of 90 or 30 nm with
or without the thermal treatment at 90 °C. (a) As-spun 90 nm diameter fibers showing a wider phase angle
distribution centered approximately around 15.3° compared to (b) the thermo-treated 90 nm nanofibers,
determined from the corresponding representative PFM phase image shown above the histogram. (c) The
decrease in fiber diameter from 90 nm to 30 nm narrowed the phase angle distribution and (d) was further
narrowed by the thermal treatment, yielding a tighter distribution around 2.7°. (n = 3000 (1000

measurement points, 3 independent fibers)).
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Figure 5. The effects of nanofibrous structure on the piezoelectric properties of P(VDF-TrFE). (a) Destruction
of nanofibrous morphology, from P(VDF-TrFE) nanofibers with an average diameter of 30 nm, after the
thermal treatment at 135 °C, examined by SEM (scale bar = 1um). (b) Thermal treatment-dependent

electroactive phase content of P(VDF-TrFE) nanofiber mats with an average fiber diameter of 30 nm. (c) PFM

comparison of an individual 30 nm fiber and a melted film after the thermal treatment of a mat composed of

multiple 30 nm fibers both at 135 °C. (d) Peak-to-peak voltage comparison of 30 nm nanofiber mats at 23,

90, and 135 °C.
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Figure 6. Fiber diameter dependent strain gradient. (a) Measured Young’s modulus of P(VDF-TrFE)
nanofibers as a function of fiber diameter and fitted with a rule of mixture equation to calculate the sheath
thickness, and the core/sheath modulus of the nanofibers. (b) The cross-sectional strain distribution within

the fiber of 30 nm or 90 nm diameter under a fixed -15% mechanical strain, simulated by COMSOL. (c)

Strain gradient within the fiber of 30 nm or 90 nm diameter as a function of cross sectional length

(perpendicular to the length of the nanofiber).
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P(VDF-TrFE) nanofibers show exceptional piezoelectricity through the synergistic relationship between

dimensional reduction to the 30 nm scale and thermal treatment.
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