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Summary

Piezoelectricity in ferroelectric polymers originates from the electrostrictive effect coupled
with a remanent polarization. However, its structural origin remains controversial, and it is not
clear how modifying the electrostriction can further improve piezoelectricity for polymers. Here,
we report that electrostriction can be significantly enhanced in poled poly(vinylidene fluoride-co-
trifluoroethylene) [P(VDF-TrFE)] random copolymers containing extended-chain primary crystals
and relaxor-like secondary crystals in the oriented amorphous fraction (SCoar). As a result of the
high polarizability of dipoles and ferroelectric nanodomains in the SCoar, the inverse piezoelectric
coefficient d3i reaches as high as 77+5 pm/V for the P(VDF-TrFE) 55/45 copolymer at 55 °C. This
finding not only extends our understanding of piezoelectricity in polymers, but also provides

guidance for further enhancing the piezoelectricity of ferroelectric polymers in the future.
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Introduction

Electrostriction, a fundamental electromechanical coupling effect, can be observed in all
dielectric materials under an electric field.!* For ferroelectrics whose paraelectric phase is
centrosymmetric, electrostriction is the origin of piezoelectricity.> Namely, piezoelectricity is the
electrostriction under the bias of a macroscopic (or permanent) remanent polarization (Pr). In the
linear dielectric/mechanical regime, the piezoelectric coefficient (dsj, j =1, 2, 3) can be expressed
as:'?

d3; = 2g0(er — 1)Q3;Prg (Equation 1)
where g and & are vacuum and relative permittivity and Qsj the electrostriction coefficient.
Therefore, in addition to the bias Py, it is possible to utilize electrostriction to enhance
piezoelectricity for ferroelectric materials.> However, there have been debates about the structural
origin for the piezoelectricity in ferroelectric polymers, such as poly(vinylidene fluoride) (PVDF)
and its random copolymers, poly(VDF-co-trifluoroethylene) [P(VDF-TrFE)]. That is, which
component in the semicrystalline polymers is responsible for their piezoelectricity, the crystalline
or the amorphous phase?

The first consideration is the so-called dimensional effect, as mentioned previously.**
Upon the application of mechanical stresses, the volume of the polymer can change, resulting in a
change of dipole moment density or polarization. If this is the case, the amorphous phase should
provide the major contribution for piezoelectricity, because crystals are less susceptible to volume
change under a stress. However, a recent study showed that a morphotropic phase boundary
(MPB)-like behavior (often observed for piezoelectric ceramics®) was reported for P(VDF-TrFE)
with composition around 50/50 (molar ratio), and that the piezoelectricity was enhanced by the

helical-to-zigzag conformation transformation in the crystalline domains of P(VDF-TrFE) near the



MPB.” However, in-situ dynamic X-ray diffraction measurements on a spin-coated P(VDF-TrFE)
65/35 sample suggested that an additional contribution from the electromechanical coupling
between the crystalline lamellae and the amorphous regions should be the primary contribution to
piezoelectricity.* According to our recent work on highly poled biaxially oriented PVDF with a
pure B crystalline phase,® this interfacial coupling was realized via the highly mobile, liquid-
crystal-like oriented amorphous fraction (OAF) between the crystalline lamella and the isotropic
amorphous fraction (IAF).” Although our understanding has been advanced by these studies, a
question still exists: Does the piezoelectricity comes from the crystalline phase or the OAF? Also,
how can we utilize electrostriction to further enhance piezoelectricity?

In this work, a series of P(VDF-TrFE) random copolymers with VDF content from 50 to
65 mol.% was studied (they are denoted as coP-x/y, where x and y are VDF and TrFE molar
fractions, respectively; see Figure S1 and Table S1 in the Supplementary Information).
Unidirectional poling at 100 MV/m induced highly mobile, relaxor-like secondary crystals in the
OAFs (SCoar) of the copolymer films with an extended-chain crystal (ECC) structure. For the
quenched (Q), stretched (S), and 130 °C-annealed (A) coP-52/48 film after unipolar poling (P)
(coP-52/48QSAP), the in-situ (during the bipolar poling*!®) and ex-situ ds; reached as high as
360£10 and 57.6£2.4 pm/V, respectively. The high piezoelectric performance was attributed to
the enhanced electrostriction of the relaxor-like SCoar, rather than that of the extended-chain

primary crystals (PCs).
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Results and discussion

High piezoelectric performance of P(VDF-TrFE) with an ECC structure. In this study, we
mainly focus on the study of d3i, rather than ds3, because both the dimensional effect and PC
contribution are less significant in the transverse (i.e., stretching) direction than in the longitudinal
(i.e., normal) direction.!! Because non-oriented samples contain piezoelectric contributions from
both ds3 (perpendicular to the chains) and d3; (along the chains), it is necessary to orient the P(VDF-
TrFE) samples in order to examine the neat d3; contribution. Surprisingly, the quenched, stretched,
and poled (QSP) samples exhibited significantly lower piezoelectric performance than the non-
oriented samples. From the literature report,'? annealing P(VDF-TrFE) in the paraelectric phase
above the Curie temperature (Tc) could lead to an ECC structure. Intriguingly, thermal annealing
of the quenched and stretched (QS) samples at 130 °C had a dramatic effect on the piezoelectric
performance. Therefore, we start with the effect of semicrystalline structure on the piezoelectric
performance by comparing QSP and quenched, stretched, 130 °C-annealed, and poled (QSAP)
copolymer films. Figures la-h present the first two continuous electric displacement-electric field
(D-E) and transverse strain-electric field (Si-E) loops at 100 MV/m for QSP and QSAP films with
different VDF contents. Prior to the bipolar poling, these samples were unidirectionally poled at
100 MV/m for 60 cycles to achieve a permanent remanent polarization (P). In-situ (P;) and the
minimum Py (Pro,min) Were obtained from these D-E loops; see Supplementary Note 2 and Figure
S2 for details. Note that Promin Was slightly lower than the in-situ P:, because certain poled
ferroelectric domains relax over time after electric poling.!* From Figure 1i, the P; and Promin
values were much higher for the QSAP samples than for the QSP samples. This is ascribed to the
much smaller domain sizes in the QSP films than in the QSAP films (note, thermal annealing above
Tc not only produced ECCs, but also grew large ferroelectric domains).!? Due to the much higher

P:o of the QSAP samples, higher piezoelectric performance is expected.



The ex-situ d3; was measured using bipolar D-E loops at a low field for QSP (Figure 1j)
and QSAP films (Figure 1k). In addition to the ex-situ di, the in-situ d3; can also be obtained from
the slopes of the Si-E loops at E = 0 during high-field bipolar poling: d3i1 = (0S1/0E)|e=o (Figure
1b,d,£;h).*!1® The ex-situ d3; values for different QSP films were around 15-25 pm/V, which are
typical for P(VDF-TrFE) copolymers reported in literature.'* However, the ex-situ d3i values for
the QSAP samples were significantly higher when the VDF content was below 55 mol.% (Figure
11). For example, the highest ex-situ d31 of 57.6+2.4 pm/V was obtained for coP-52/48QSAP, much
higher than that (12.0+£0.9 pm/V) of coP-52/48QSP. It seems that the drastically different ex-situ
d31 values for the coP-52/48 QSAP and QSP films could not be simply explained by the MPB-like
behavior reported for P(VDF-TrFE) around the 50/50 composition.” When the VDF content was
increased to 65 mol.%, the ex-situ d3; significantly decreased to 9.0+3.3 pm/V for coP-65/35QSAP,
even lower than that (23.2+0.6 pm/V) of coP-65/35QSP. Intriguingly, the in-situ d3; values were
much higher than the ex-situ d31 values, especially when the VDF content was below 55 mol.%
(Figure 11). For example, the in-situ d31 for coP-52/48QSAP was 360+10 pm/V, a factor of 5 times
larger than that of the ex-situ d31. The reason for the higher in-situ ds; will be discussed later.
However, the ex-situ d3; is more important than the in-situ ds; for practical piezoelectric
applications.

In addition to d3i, d33 values were also determined using the direct piezoelectric
measurement, as reported before.® Figure S3 shows the direct charge measurement results, and
large d33 values were obtained for all QSAP films at room temperature. For example, the maximum
-ds3 value of coP-52/48QSAP was 69+1.3 pC/N. As shown in Table 1, both d3;1 and d33 values of

the low VDF content QSAP films are higher than those reported in literature.>”-315-2!



Table 1. Reported d3; and ds3 values for different PVDF and P(VDF-TrFE) random copolymers.

Sample * ds® Ref. Sample ® ds ® Ref.
BO PVDF -62 8 BO PVDF 22 8

UO PVDF -26 3 UO PVDF 21 17

UO PVDF -34 15 UO PVDF 22 18

UD P(VDE-TrFE) 81/19 -18 16 UO PVDF 30 19

UO P(VDE-TrFE) 78/22 -39 3 UD P(VDE-TrFE) 73/27 20

UO P(VDE-TrFE) 65/35 -35 3 UD P(VDF-TrFE) 65/35 9 20

UD P(VDE-TrFE) 52/48 -44 3 UD P(VDEF-TrFE) 52/48 15 20

UD P(VDE-TrFE) 50/50  -63.5 7 UO P(VDE-TrFE) 52/48 43 21
UO P(VDE-TrFE) 50/50 63 this UO P(VDE-TrFE) 50/50 53 this
QSAP work QSAP work

UO P(VDEF-TrFE) 52/48 69 this UO P(VDEF-TrFE) 52/48 53 this
QSAP work QSAP work

UO P(VDE-TrFE) 55/45 5 this UO P(VDE-TrFE) 55/45 30 (22°C) this
QSAP work QSAP 77 (55°C) work

UO P(VDE-TrFE) 65/35 37 this UO P(VDE-TrFE) 65/35 9 this
QSAP work QSAP work

“BO0O, UO, and UD stand for biaxially oriented, uniaxially oriented, and undrawn, respectively.
’ The unit of ds3 and ds; is pC/N or pm/V.
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Figure 2. Structural characterization of P(VDF-TrFE) by SAXS and WAXD. (a,d) 2D SAXS
and (b,e) 2D WAXD patterns of (a,b) coP-52/48 QSP and (d,e) coP-52/48 QSAP films. Proposed
semicrystalline structures for (c) coP-52/48QSP and (f) coP-52/48QSAP films. (g) 1D SAXS
profiles of the coP-52/48 QS, QSP, QSA, and QSAP films (integrated along the meridian). (h) 1D
SAXS curves of coP-50/50QSAP, coP-52/48QSAP, coP-55/45QSAP, and cop-65/35QSAP films.
The dotted curves in (g) and (h) are obtained by integration along the equator of the 2D SAXS
patterns. (i) The d-spacing of the (110/200) reflection for different P(VDF-TrFE) samples at room

temperature.

Electric poling-induced SCoar in the ECC structure. To understand the high ex-situ d3; for the
QSAP copolymers with a low VDF content, synchrotron small-angle X-ray scattering (SAXS) and
wide-angle X-ray diffraction (WAXD) experiments were carried out. The results are shown in
Figure 2 and Figures S4 and S5. Figure 2a shows the two-dimensional (2D) SAXS pattern of coP-

52/48QSP. A butterfly pattern was observed, indicating tilted PCs at ~66° from the stretching
9



direction (Figure 2¢). From 1D correlation function analysis (SasView, v.5.0.2), the PC lamellar
spacing (L) was calculated to be L = 14.4 nm (Figure S6b). In addition to the PC lamellar
scattering, a weak scattering was seen on the equator (~4.4 nm), and it could be attributed to the
stacking of secondary crystals in the IAF (SCiar, see Figure 2c).

The 2D SAXS pattern of coP-52/48QSAP is presented in Figure 2d. Again, a butterfly
pattern was seen near the beam center, indicating much thicker tilted PC lamellae (~78° from the
stretching direction, see Figure 2f). The lamellar spacing was L. =40.8 nm (Figure S6d), indicative
of ECCs in coP-52/48QSAP. Meanwhile, a weak SCiar scattering (~4.4 nm) was observed on the
equator. Besides PC and SCiar scatterings, a tear drop-like scattering was observed on the meridian
(Figure 2d), this corresponded to the broad scattering peak at 0.88 nm™ (6.7 nm) in the
corresponding 1D SAXS curve (Figure 2g). The in-situ heating SAXS/WAXD results (Figure S7)
showed that this tear drop-like scattering disappeared at ~55 °C; we conclude that it must originate
from the SCoar. Figure S8 shows the fast Fourier transform simulation of the SAXS pattern from
a sandwiched SCoar/SCiar/SCoar structure. These patterns fit well with the SCoar and SCiar
scatterings in Figure 2d. For coP-52/48QSA, the SCoar scattering was less obvious (Figure S4c),
showing that unipolar electric poling at 100 MV/m induced the growth of SCoar in the ECC
structure. Meanwhile, no SCoar scattering was be observed for coP-52/48QS (Figure S4a) and
coP-52/48QSP (Figure 2a), possibly due to the nanoconfinement in thin OAF layers (see Figure
2¢). The SCoar scattering was also observed for coP-50/50QSAP. It was fairly weak for coP-
55/45QSAP and disappeared for coP-65/35QSAP (Figure 2h and Figures S5a,c,e). As shown in
Figure 11, the ex-situ d3; decreased with increasing the VDF content and became very low (only
9.0 pm/V) for coP-65/35QSAP. These results confirm that electric poling-induced SCoar in the
ECC structure was responsible for the high piezoelectric performance of coP-50/50QSAP and coP-

52/48QSAP at room temperature.
10



However, there is still a question: Why couldn’t the SCoar be obtained for coP-65/35QSAP,
even though it had an ECC structure (L = 42.4 nm, see Figure 2h)? This question was answered
by using quantitative 2D WAXD analysis. The 2D WAXD patterns of coP-52/48QSP and coP-
52/48QSAP are shown in Figures 2b and 2e, respectively. In these patterns, PCs gave well-defined
sharp reflections as indexed. The oriented, halo-like scatterings around the sharp PC reflections
should originate from both OAF and SCs.?* At this moment, it is difficult to differentiate the liquid
crystal-like OAF from SCs in WAXD, because SCs also had a poorly ordered structure. In areas
free of crystal reflections and OAF scattering, the IAF scattering was identified. Based on our
previous report,?? the contents of PCs (xc), OAF/SC (xoarssc), and IAF (xiar) could be determined
from the 2D WAXD patterns (see Figure S9 and Table S2). The x¢, xoar/sc, and xiar of 52/48QSP
were calculated to be 0.25, 0.28, and 0.47, respectively (Figure S9f). For coP-52/48QSAP, x,
xoarssc, and xiar were 0.36, 0.43, and 0.21, respectively (Figure S9d). Combining both SAXS and
WAXD analyses with an assumption that the densities of PC, OAF, and IAF being 1.916, 1.843,
and 1.770 g/cm® (see Table S3), the semicrystalline structures of coP-52/48QSP and coP-
52/48QSAP are shown in Figures 2c and 2f, respectively. For coP-52/48QSP, the OAF layer
thickness was too thin (foar = 2.2 nm) to grow SCoar. However, the OAF layer was thick (foar =
9.0 nm) enough to grow SCoar in coP-52/48SQAP. The ECC structure was thus shown to be
important for SCoar. As the VDF content increased, x. gradually increased, xoar/sc decreased, and
xiar remained mostly unchanged at around 0.21 (Figures S9d,i,j,k). The high x. (0.55) and the low
xoarsc (0.22, toar = 4.8 nm) of coP-65/35QSAP prevented the growth of SCoar in the ECC
structure.

In addition to xoar/sc, another important factor for electrostriction and piezoelectricity is
the dipole mobility or & in OAF and SCoar, which can be evaluated from the linear dielectric

constant using broadband dielectric spectroscopy (BDS, see Figures S10-13). For coP-
11



65/35QSAP, a low & of 10.8 was observed at room temperature and 1 kHz (Figure S13g),
significantly lower than that (21.5) of coP-52/48QSAP (Figure S13c). Because the OAF is directly
tethered to PCs, the chain-packing in PCs must affect its mobility. Figure 2i presents the interchain
spacing of the (110/200) planes (di10/200) for different copolymers. First, coP-50/50 and coP-52/48
had a high dii0200 of 4.70-4.77 A, and coP-65/35 had the lowest diio200 around 4.54-4.58 A.
Second, after electric poling at 100 MV/m, di10200 decreased due to electric field-induced dipole-
dipole interactions in the PCs. The decrease was small for coP-50/50 and coP-52/48 because of
their defective crystal structures; however, it was significant for coP-55/45 and coP-65/35. Because
coP-65/35QSAP had the tightest chain-packing, it was expected that the mobility of its OAF should
be the lowest, and a low piezoelectric performance was indeed obtained. On the other hand, the
piezoelectric performance of coP-52/48QSAP was high due to both high xoarsc and dipole
mobility in the OAF/SCoar. The contents of SCoar and SCiar were estimated by temperature-
modulated differential scanning calorimetry (TMDSC), as shown in Figure S14. For coP-
52/48QSAP, the SCoar and SCiar contents were about 5.9% and 3.8%, respectively. With such a
low content, it is not possible for us to determine the chain conformation and structure of the SCoar.
However, SCoar should be a mesophase, which has a poor crystalline order, rather than the liquid

crystalline structure in the OAF.

12



100

0.04

a COP-55/45QSAP e
50 4 0.024
t
2
2 0 < o
=y 73
50 —RT -0.02 4 ——30°C —— 35°C
—30<C 40°C ——45°C
40 =C 50°C 55C
100 0°C 0 0.04] — B0°C —— 65°C
400 50 0 50 100 50 25 0 25 50 75 100 65 432401 2 34 5 ¢
E (MV/m) Temperature (°C) E (MV/m)
80 10
b COP-55/45Q5AP d COP-55/45QSAP -
= o, F25
— = TUEL=63°C
E 60 o [20
] © o~
c o Z )
~ 40 @ E 1
E x = -
E m
D_E 8 4 = :jx
= 20 #
(v
2]
- S 4
01 Paomn 0 COP-55/45QSAP “_fo
20 30 40 50 60 70 30 35 40 45 50 55 B0 65 20 30 40 50 60 70
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. Temperature dependent piezoelectric property in coP-55/45QSAP. (a) Bipolar D-E
loops at different temperatures. (b) Temperature dependent P; and Promin. (c) Temperature-scan &,’
spectra. (d) Peak area of SCoar in 1D SAXS curves (Figure S16¢) as a function of temperature.
(e) Bipolar Si-E loop at different temperatures. The poling field is 5 MV/m at 1 Hz. (f)
Temperature-dependent d3; and k3.

Thermally activated relaxor-like SCoar to further enhance piezoelectricity. According to
Equation (1), both Py and & (i.e., dipole mobility) are important for polymer piezoelectricity.
However, which factor is more important? To answer this question, temperature-dependent
experiments were carried out. First, bipolar D-E loops were used to study freshly poled coP-
55/45QSAP at different temperatures. In-situ P, values were obtained from the centered second
bipolar loops in Figure 3a, and the Pro,min values were obtained from Figure S15. Below 40 °C,
Pro.min decreased slightly with increasing temperature. However, it decreased faster above 40 °C.
Finally, P:omin became zero at 65 °C. Figure 3c shows temperature-scan &’ BDS result for coP-
55/45QSAP. In addition to a glass transition temperature (Tg) around -20 °C and a T¢ around 75 °C,

a shoulder peak was seen around 57 °C at 1 Hz. During the in-situ heating SAXS/WAXD

experiments (Figure S16), the intensity of the SCoar scattering in SAXS first increased above
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40 °C, and then decreased above 53 °C (Figure 3d), suggesting the onset of SCoar melting.
Therefore, the shoulder peak at 57 °C in the &’ plot (Figure 3c) could be attributed to the relaxor-
like behavior of SCoar. For example, at 55 °C the &' of coP-55/45QSAP was as high as 44 at 1
Hz, indicative of an enhanced dipole mobility for better piezoelectricity.

Figure 3e shows temperature-dependent Si-E loops for coP-55/45QSAP, from which the
ex-situ d31 values were obtained (Figure 3f). The ds1 increased with increasing temperature. At
55 °C, it reached an unprecedentedly high value of 7745 pm/V, more than twice that (32.2 pm/V)
at room temperature. The coupling factor k3; was calculated from the Young’s modulus (Y1)
(Figure S17) and dielectric constant (g, at 1 Hz in Figure 3c),!® and had a maximum value of 0.13
at 50 °C. Note that the Promin at 55 °C was only 22.1+2.3 mC/m?, nearly 1/3 of that at room
temperature. Combining the results in Figures 3b and 3f, we conclude that the mobility of dipoles
in relaxor-like SCoar was more important than Py for piezoelectricity. Above 55 °C, the SCoar
melted and Pro,min continued to decrease. As a result, the piezoelectric performance sharply dropped
at 60 °C. Finally, at 65 °C a combination of piezoelectricity (S; « E) and electrostriction (S; < E?)
could be observed in Figure 3e.

Similar temperature-dependent studies were also performed for coP-52/48QSAP. Upon
heating, both P; and Pro min monotonically decreased (Figures S18a,b). In the BDS spectra in Figure
S18c, an obvious shoulder peak was observed around 38 °C (&' =39 at 1 Hz), which was attributed
to the SCoar melting as evidenced by the temperature dependent SAXS result in Figure S18d.
From the Si-E loops in Figure S18e, the ex-situ ds1 kept nearly constant (~56 pm/V) below 35 °C,
above which it quickly decreased due to the melting of the relaxor-like SCoar and decreased Pro

(Figure S18f).
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Figure 4. Computer simulation of inverse piezoelectricity in PVDF polymers. Schematic
illustrations of (a) direct and (b) inverse piezoelectric effects. The green dashed boxes represent
SCoar, and SCiar is not drawn for simplicity. For ferroelectric piezoelectrics with a Coy symmetry,
the longitudinal direction is 3 and the transverse direction is 1. (c¢) Simulation slabs for PVDF
under (1) 0, (i1) 5, (ii1) 10, and (iv) 20 MV/m at 300 K. The color scale represents PVDF units with
positive dipole moments along y with values between 0 (blue) and 2.1 D (red). Chain ends are
attached to both slab walls with a rigid C-C bond (i.e., dipole moment fixed along the y-axis). The
attachment points are organized in the same manner as the B PVDF crystal. (d) Simulated S as a
function of applied electric field for the PVDF chains between the slab walls.

Mechanism of electrostriction-enhanced piezoelectricity via relaxor-like SCoar and the
theoretical limit. From the above studies, high dipole mobility in the relaxor-like SCoar is
considered to be the key to the high piezoelectricity of some P(VDF-TrFE) with an ECC structure.
This can be further elaborated using the schematics in Figures 4a and 4b for direct and inverse
piezoelectricity, respectively. From our recent report,® we understand that electrostriction in
ferroelectric polymers has two origins: mechano-electrostriction due to the conformation
transformation and electrostatic interaction between ferroelectric nanodomains. The
electrostriction coefficient is closely related to & and the mechanical modulus (Yj) of the sample

via an empirical relationship: Qsj oc (&Yj)'.?»* For the direct piezoelectricity (Figure 4a), a
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transverse stress (Ti) induces an instantaneous strain, S;, which leads to a conformation
transformation of the OAF to increase the polarization (P+AP).® In this sense, mechano-
electrostriction is more important for the direct piezoelectric effect. For the inverse piezoelectricity
(Figure 4b), an external electric field (which is far below the coercive field at 30-50 MV/m) can
polarize the mobile dipoles in the OAF either up or down, while the Py in the ferroelectric PCs is
fixed in the up direction. When the OAF dipoles are up, an electrostatic repulsion is induced
between parallel-aligned ferroelectric crystals and the OAFs; therefore, the sample expands in the
transverse direction. When the OAF dipoles are down, an electrostatic attraction is induced
between anti-parallel ferroelectric crystals and the OAFs; therefore, the sample shrinks in the
transverse direction. We can see that both mechano-electrostriction and electrostatic interactions
are important for inverse piezoelectricity.

When relaxor-like SCoar exists in the OAF, the polar nanoregions or nanodomains can
further enhance electrostriction via an increased . Due to the extremely poor crystal structure of
SCoar, the modulus may not increase much for the entire OAF layer. As a result, the overall
piezoelectric performance is further improved by the relaxor-like SCoar. Because the SCoar melts
at a temperature close to Tc, it is impossible for us to obtain a piezoelectric QSAP sample without
any SCoar and compare the piezoelectric performance. However, we could compare the Q31 values
between the QSAP and QSA samples. If the Q31 of the QSAP sample is higher than that of the
QSA sample, we can prove that the relaxor-like SCoar enhances piezoelectricity via
electrostriction. First, the Q31 of coP-52/48QSA was determined using the low-field (<30 MV/m)
electrostriction method, as we reported before (see Figure S20):%? Q31 = 2.47+0.03 m*/C?. Second,
the Q31 of coP-52/48QSAP could not be measured using the electrostriction method, because it was
piezoelectric. Instead, it was calculated using Equation (1) with d3; = 57.6£2.4 pm/V, Py =

40.5+0.9 mC/m?, and & = 26.4 at 1 Hz: Q31 = 3.20+0.15 m*/C?. The higher Qs for coP-52/48QSAP
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than coP-52/48QSA, therefore, clearly confirmed that electrostriction from SCoar increased
piezoelectricity for coP-52/48QSAP.

In addition, the electrostriction from nanodomains in the OAF/SCoar was further enhanced
during the high-field bipolar poling. For example, as shown in Figure 11, the in-situ d31 during 100
MV/m poling is much higher than the ex-situ d3; for both QSP and QSAP samples, especially for
the low-VDF-content copolymers. As reported recently,?* ferroelectric domains can be induced in
the OAF when the poling field is above 25 MV/m. It is the enhanced electrostriction via relaxor
nanodomains in the OAF/SCoar that leads to the high in-situ d31 of P(VDF-TrFE) copolymers.

The giant in-situ d3; of 360 pm/V for coP-52/48QSAP drives us to ask the question: what
is the theoretical limit of d3; for PVDF-based polymers? To obtain the answer to this question, we
turn to a full-atomistic molecular dynamics (MD) simulation, in which the inverse piezoelectric
effect is simulated for PVDF with fully oriented B crystals (for details see MD simulation in
Supplementary Note 17).% In brief, we built a 12x12 array of PVDF chains tethered to two (crystal)
walls, where the ab-unit cell dimensions are @ = 1.05 nm and b = 0.6 nm (a slightly larger ab-unit
cell than that of the B phase was used to speed up the simulation). For the tethered repeat units, the
dipole moments were fixed in the y direction. Upon the application of an electric field along the y
axis, the PVDF dipoles rotated, causing the chains to extend in the x direction; see Figure 4c. The
transverse strain, S, is plotted as a function of the applied field in Figure 4d. As we can see, when
the electric field was below 20 MV/m, a linear relationship was observed, which is the inverse
piezoelectric effect. From the slope, the inverse d31 was estimated to be 600 pm/V. This theoretical

limit confirms that the validity of the ultrahigh in-situ d3; value (360 pm/V) for coP-52/48QSAP.
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3. Conclusion

In summary, high piezoelectric performance (ex-situ d31 = 58-77 pm/V) was achieved for
low-VDF-content P(VDF-TrFE) QSAP films with an ECC structure. Structural analyses indicated
the existence of electric poling-induced SCoar with an estimated content of ~5.9%. Upon heating,
dipoles and possible nanodomains in the SCoar became highly mobile, leading to a relaxor-like
behavior. Given the ultrahigh ds; values, i.e., 600 pm/V predicted by simulation and 360 pm/V in-
situ d31 for coP-52/48QSAP, we are confident that even higher piezoelectric performance is

attainable, if the SCoar content can be further increased.

EXPERIMENTAL PROCEDURES

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Lei Zhu (Ixz121@case.edu).

Materials Availability
This study did not generate new reagents. Vinylidene fluoride (VDF) and trifluoroethylene (TrFE)
monomers were supplied by Arkema, Inc., Lyon, France. Suspension copolymerization was carried

at Piezotech, Inc., a subsidiary of Arkema, Inc.

Data and Code Availability
The authors declare that all data supporting the findings of this study are available within the paper

and its Supplementary Information file or from the lead contact upon reasonable request.
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Synthesis of P(VDF-co-TrFE) Random Copolymers by Suspension Polymerization

VDF and TrFE comonomers were transferred into a 3-L autoclave reactor containing
deionized water and a hydroxypropylmethyl cellulose stabilizer at room temperature, following a
similar suspension polymerization process reported before.”> The reactor was heated up to 44 °C.
The pressure drop inside the autoclave was compensated by the injection of deionized water. After
the introduction of 700 g of deionized water, the injection stopped, and the pressure dropped. When
the pressure was stable, the autoclave was cooled down to 17 °C. After degassing, the crude
product (a white powder) was filtered. The resulting fine white powder was washed with deionized

water. The final product was dried for 24 h at 60 °C in a ventilated oven (yield > 90%).

Molecular Characterization

The proton nuclear magnetic resonance (‘"H NMR) spectra were recorded on a Bruker
Ascend III 500 MHz with a prodigy probe. Deuterated acetonitrile was used as the solvent. The
water peak was shifted to lower fields (>8 ppm) by adding a small amount of trifluoroacetic acid.

The copolymer molar composition is determined using the following equation:

%mol TrFE = —Y2F__ % 100% (Equation 2)

nypr+NTrFE

where nypr and nrire are moles of VDF and TrFE repeat units in the copolymers, respectively:
Nrere = [oy CHFAH and nypp = =, CHydH. The 'H NMR spectra of the P(VDF-TtFE)

random copolymers are shown in Figure. S1.

The weight-average molecular weights (My) were determined by size-exclusion
chromatography (SEC) using a Waters P600 pump, two columns PSS PFG 1000A and PSS PFG
100A, and a Waters 2414 differential refractive index detector. Dimethyl sulfoxide (DMSO) was

used as the solvent, and the flow rate was 1.0 mL/min. PMMA standards were used for
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conventional calibration. The powder was dissolved at 95 °C during 4 h in DMSO at a 2 g/L
concentration. Melt flow index (MFI) was tested by a LMI5000 melt flow indexer from Dynisco
(Oxford, GA) with 10 kg weight at 230 °C. The molecular characterization data are summarized

in Table S1.

Film Fabrication and Processing

Four types of film samples were fabricated via different combinations of hot-pressing,
quenching (Q), stretching (S), annealing (A), and poling (P). 1) Quenched and stretched (QS)
samples. Using nonsticking aluminum foils, P(VDF-TrFE) random copolymers were hot-pressed
at 200 °C, followed by quenching into liquid nitrogen. The quenched films (~50 pm) were
uniaxially stretched to an extension ratio of ca. 500% using a home-built stretching apparatus at
room temperature. 1ii) Quenched, stretched, and poled (QSP) samples. The QS films were
unidirectionally polarized under 100 MV/m (i.e., 50 MV/m DC + 50 MV/m AC at 1 Hz) for 60
cycles at room temperature. iii) Quenched, stretched, and annealed (QSA) samples. The QS films
were annealed at 130 °C for 48 h (coP-50/50 and coP-52/48), 24 h (coP-55/45), and 12 h (coP-
65/35), respectively, using an Instec HCS402 hot-stage (Instec, Inc., Boulder, CO). Different
lengths of the annealing time were determined by two considerations. First, the annealing time
should be long enough to achieve the ECC structures. Second, it was observed that prolonged
annealing at 130 °C caused the brittleness of the QSA films, which prevented later piezoelectric
study, especially for the high VDF content copolymers. This is attributed to the increased
crystallinity and possibly disentanglement of polymer chains due to the sliding motion in the
paraelectric samples.'? iv) Quenched, stretched, annealed, and poled (OSAP) samples. The QSA
films were unidirectionally polarized under 100 MV/m (i.e., 50 MV/m DC + 50 MV/m AC at 1

Hz) for 60 cycles at room temperature. The final thicknesses of all films were 15-30 pum.
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Structural and Dielectric Characterization

Differential scanning calorimetry (DSC) experiments were carried out on a TA DSC250
(TA Instruments, New Castle, DE). Approximately 2 mg samples were used at a scanning rate of
10 °C/min under a dry nitrogen atmosphere (flow rate of 50 mL/min). For TMDSC, the protocol
with a heating rate of 2 °C/min and a modulation amplitude of 0.32 °C for every 60 s was chosen.
This protocol has been reported to show high sensitivity and resolution,?® and thus is suitable for
studying microstructure evolution in semicrystalline polymers. Young’s modulus along the
transverse direction (Y1) was determined by stress-strain tests using a Linkam TST350 tensile stage
(Linkam Scientific, Surrey, UK) with temperature control. The stretching speed was 25 um/s.
Error bars were obtained as standard deviations from at least three measurements using different
samples.

2D SAXS and WAXD experiments were performed at the 11-BM Complex Material
Scattering Beamline of the National Synchrotron Light Source II (NSLS-II), Brookhaven National
Laboratory (BNL). The wavelength (A) of the incident X-ray was 0.0729 nm. The distances
between the sample and the WAXD (Pilatus 800 K, Dectris, Gaden-Dattwil, Switzerland) and the
SAXS detectors (Pilatus 2M) were 261 and 5050 mm, respectively. These distances were
calibrated using silver behenate with the first-order reflection at a scattering vector of ¢ = (4nsinf)/A
=1.076 nm™" (0 is the half scattering angle). The typical data acquisition time was 30 s. A self-
built hot stage was used in temperature-dependent X-ray experiments.

BDS measurement was carried out using a Novocontrol Concept 80 broadband dielectric
spectrometer (Novocontrol Technologies, Montabaur, Germany) with temperature control. The
applied voltage was 1.0 Vims (i.€., root-mean-square voltage) with frequency ranging from 1 Hz to

1 MHz and temperature from -50 to 100 °C. Gold (Au) electrodes with an area of 7.06 mm? were
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evaporated on both surfaces of samples using a Quorum Q300T D Plus sputter coater (Quorum
Technologies, Ltd., Laughton, East Sussex, UK). The Au electrode thickness was 10 nm.
Simultaneous D-E and Si-E loop measurements were conducted using a Premiere II
ferroelectric tester (Radiant Technologies, Inc., Albuquerque, NM) with a Trek 10/10B-HS high-
voltage amplifier (0-10 kV AC, Trek, Inc., Lockport, NY), as described in a recent report.>’” The
applied voltage had a bipolar sinusoidal waveform at 1 Hz. The film samples were coated with
gold (Au) electrodes on both sides with an overlapping area of 8%3 mm?. The Au-coated film was
immersed in silicone oil to avoid corona discharge in air. The stray capacitance was determined
using a biaxially oriented polypropylene film (8 um, provided by SB Electronics, Inc., Barre, VT)
with a dielectric constant of 2.25. The final electric displacement was obtained by subtraction of
the stray capacitance and AC conduction from the raw data (see Figure S2). The transverse strain,
S1, of the film samples (initial length of 8 mm) was measured using a home-built fixture connected
to a photonic sensor MTI 2100 (MTI Instruments, Inc., Albany, NY), following literature
reports.”’?® At high temperatures (>45 °C), significant conduction was observed in D-E loops due
to certain defects (e.g., pinholes) in the large area P(VDF-TrFE) films. To avoid this, separate D-
E loop measurements were performed on small-area samples (7.06 mm?). A home-built sample
fixture was used to connect the Au electrodes on both sides of the film with the interface of the
Radiant ferroelectric tester using high-voltage cables. The temperature was controlled using a
ChemGlass CG-1999-V-10 hot plate (ChemGlass Life Sciences, LLC, Vineland, NJ). Error bars
were obtained as standard deviations from at least three measurements using different samples.
Direct d33 measurements were carried out using a self-built experimental setup shielded by
a Faraday cage, and details should refer our recent report.® During the measurement,
triboelectricity should be strictly avoided. The generated charge (Q) was measured using a

Keithley 617 electrometer (Beaverton, OR, USA). The applied force (F) was measured using a
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quartz force sensor (model 208C01, PCB Piezotronics, Depew, NY, USA). Both signals were
recorded using a USB data acquisition card (NI USB-6002, National Instruments, USA). The d33
value was determined using equation: d3z = Q/F, when the area of the applied force was the same

as the gold electrode area.?
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