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Tuning the dielectric behavior of poly(vinylidene
fluoride-co-vinyl alcohol) using a facile urethane-
based crosslinking method+

Niels L. Meereboer, Ivan Terzi¢ and Katja Loos (iDK]

Crosslinking of polar fluorinated polymers, such as poly(vinylidene fluoride) (PVDF) and its copolymers, is
receiving considerable research attention for capacitive energy storage applications due to their high
polarization and large breakdown strength. Nowadays, methods to chemically crosslink PVDF-based
materials to achieve higher energy densities with increased efficiencies are limited and often require
external processing equipment. To overcome this problem, we demonstrate a new approach by introdu-
cing vinyl alcohol (VA) units in the PVDF backbone that can easily be crosslinked using urethane chemistry.
The degree of crosslinking is systematically varied by using 0.5- (C05), 1.0- (C1) and 20-fold (C20) excess
of isocyanate (hexamethylene diisocyanate) compared to hydroxyl groups. This has led to a reduction in
average crystallite size from 12.1 nm for pristine poly(VDF-co-VA) to 6.4 nm and 6.1 nm for C0O5 and C1,
respectively, while a 20-fold excess of isocyanate yielded an amorphous fluorinated network. The crystal-
linity reduced drastically from 38% for pristine poly(VDF-co-VA) to 13% (C05) and 5.4% (C1) upon higher
degrees of crosslinking. The crystal lattice spacing of 4.30 A remained unchanged for CO5, while it slightly
increased for C1 to 4.33 A. Additionally, crosslinking reduced the melting temperature from 124 °C for
poly(VDF-co-VA) to 91 °C (C05) and 86 °C (C1). The change in crystallite size and crystallinity has drasti-
cally influenced the interactions between the ferroelectric domains, leading to a change from ferroelectric
to double hysteresis loop behavior. When an amorphous highly crosslinked network is obtained, the cross-
linked copolymer behaves as a regular linear dielectric. In addition to the change in the electroactive behav-
ior, the breakdown strength and reliability of the networks are significantly increased after crosslinking,
which is reflected in the larger stored and discharged energy densities. Since the crosslinked samples show
slimmer polarization due to a strong reduction in ferroelectric loss, higher charge—discharge efficiencies
are observed. Therefore, this work demonstrates a simple solution processing method and straightforward
urethane chemistry to crosslink poly(VDF-co-VA), showing high potential for the preparation of dielectric
materials with high energy densities and improved efficiencies, while providing useful insights into the
crystallization behavior for fine-tuning the PVDF crystals for further development in this field.

current state-of-the-art material, biaxially oriented polypropyl-
ene, shows ultralow dielectric loss, even at high electric fields.

Renewable energy power converters, electric vehicles and
pulsed power applications are only a few of many examples
that require the implementation of polymer film dielectrics
with high energy output and low dielectric loss."™ In particu-
lar, their self-healing capacity and stable capacitance over long
time periods, while being easily processable and cheap, offer
polymers major advantages over, for example, ceramics.””” The

Macromolecular Chemistry and New Polymeric Materials, Zernike Institute for
Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen,

The Netherlands. E-mail: k.u.loos@rug.nl

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c8py01802b

This journal is © The Royal Society of Chemistry 2019

However, the stored and released energy densities (~2 J cm™>
at 400 MV m™') of this material are limited due to the low
dielectric constant.®° For linear dielectrics, the dielectric
constant (k) and the breakdown strength of the material are
the key factors determining the device performance, as shown
in eqn (1), wherein ¢, is the permittivity in free space and E is
the applied electric field:*

1
U= Ekf'oEz. (1)

Therefore, due to its high dielectric constant (~10) and
dielectric breakdown strength (~590 MV m™"), semi-crystalline
poly(vinylidene fluoride) (PVDF) is of particular interest for
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capacitive energy storage applications.”'>'" However, when
applying a high electric field to PVDF, the crystalline a-phase
with a zero net dipole moment transforms into the p-phase,
resulting in large ferroelectric domains that reduce its charge-
discharge efficiency.'” Nevertheless, the stored energy density
enormously increases due to the nonlinear behavior of the
polarization as a function of the electric field. In order to
reduce the energy loss due to large ferroelectric domain for-
mation, co- and terpolymerizations of VDF with bulkier como-
nomers (e.g. trifluoroethylene (TrFE), hexafluoropropylene
(HFP), chlorotrifluoroethylene (CTFE) and chlorofluoroethyl-
ene (CFE)) have been employed to introduce defects in the
polymer backbone and to increase the crystal lattice spacing
for enhancing the dipole reversibility."*™*° The weak (in poly
(VDF-ter-TrFE-ter-CFE)) and strong (in poly(VDF-ter-TrFE-ter-
CTFE)) so-called physical pinning spots result in antiferro-
electric-like and relaxor ferroelectric behaviors, respectively,
increasing the charge-discharge efficiency while still having a
high polarization.”® Interestingly, chemical crosslinking via
electron beam irradiation of poly(VDF-co-TrFE) or hot pressing
of poly(VDF-co-CTFE) using peroxides and crosslinking agents
proves to be a valuable method to achieve slim polarization
hysteresis.>' >* Unfortunately, as a result of chain scission and
structural deformations, no increase in the breakdown
strength of the irradiated polymer is observed, whereas hot
pressed crosslinked poly(VDF-co-CTFE) shows an increase in
its electrical strength. However, in both cases, external proces-
sing equipment is required, making the production process
rather expensive. Therefore, novel strategies to perform chemi-
cal crosslinking of fluorinated polymers using mild cross-
linking conditions are essential for the development of dielec-
tric materials with high charge-discharge efficiencies and
large dielectric breakdown strength.

Using functional monomers to copolymerize VDF allows
control over the spatial distribution of the comonomers in
the polymer backbone, while having easily crosslinkable
functional groups.>**® In this way, changes in the material
color or chain scission caused by dehydrofluorination pro-
cesses and high irradiation doses, respectively, are avoided,
showing the need for facile approaches to chemically crosslink
PVDF. Recently, we showed that VDF can be copolymerized
using cheap vinyl acetate (VAc) monomers followed by the suc-
cessful hydrolysis to vinyl alcohol (VA), yielding ferroelectric
poly(VDF-co-VA) copolymers.”” In these copolymers, the
hydroxyl functionalities are well distributed over the polymer
backbone, while offering easy opportunities to tailor the pro-
perties, e.g. via chemical crosslinking. Interestingly, the degree
of crystallinity in the poly(VDF-co-VA) copolymers is reduced
compared to poly(VDF-co-TrFE), resulting in a lower remanent
polarization and improved charge-discharge efficiencies. As
opposed to copolymerizations with expensive fluorinated
monomers or the use of expensive processing techniques,
large scale applications require cheap resources and facile pro-
cessing methods, making VAc as the precursor and isocyanates
as crosslinking agents economically highly feasible. Therefore,
in this work, we introduce a novel approach to crosslink highly
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fluorinated copolymers using simple urethane chemistry and
investigate their high-field electroactive properties, showing
increased efficiencies, discharged energy densities and dielec-
tric breakdown strength.

Materials and methods
Materials

Poly(vinylidene fluoride-co-vinyl alcohol) (poly(VDF-co-VA))
copolymer, containing 15 mol% vinyl alcohol, was prepared as
previously reported.”” Hexamethylene diisocyanate (HMDI,
TCI, 98%) and cyclopentanone were used as received.

Film preparation

Poly(VDF-co-VA) (40 mg, 0.049 mmol VA) and HMDI (CO05,
4.2 mg, 0.025 mmol; C1 8.3 mg, 0.049 mmol; C20, 165.1 mg,
0.98 mmol) were combined in 1.5 mL cyclopentanone and
allowed to mix at 80 °C for 30 min. After cooling down to room
temperature, the solution was passed through a 0.45 pm PTFE
filter into an aluminum pan (@ 3 mm). Pristine poly(VDF-co-
VA) was - after dissolving in cyclopentanone (40 mg in 1.5 mL)
- directly transferred to an aluminum pan using a 0.45 pm
PTFE filter. The aluminum pan was transferred to a heating
plate set at 130 °C to induce crosslinking and evaporation of
the solvent. The next day, the (crosslinked) samples were
heated to 160 °C to erase the thermal history and subsequently
quenched at room temperature. Subsequently, ~15 pm thick
free-standing films were obtained via a lift-off method in
water. All samples were dried overnight under vacuum at
60 °C.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the copolymers were recorded on a Bruker
Vertex 70 spectrophotometer using 32 scans at a nominal
resolution of 4 cm ™" using a diamond single reflection attenu-
ated total reflectance (ATR).

Differential scanning calorimetry (DSC)

DSC thermograms were recorded on a TA Instruments DSC

Q1000. The heating and cooling rate was set to be 10 °C min™".

Wide-angle X-ray scattering (WAXS)

WAXS measurements were performed at beamline BM26B at
the European Synchrotron Radiation Facility (ESRF) in
Grenoble with a wavelength A = 0.97 A. The WAXS pattern was
acquired over a time interval of 30 seconds using a Pilatus
300K detector (1472 x 195 pixels of 172 pm x 172 pm placed at
a distance of 0.28 m). The scattering vector ¢ is defined as g =
4n/A(sin 6), with 260 being the scattering angle. The crystallite
size D is determined using the Scherrer equation, D = K2x/
@swhm, With K being the Scherrer constant (0.94)*® and ggyhm
being the full width at half-maximum of the (110/200); peak.

This journal is © The Royal Society of Chemistry 2019
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Displacement-electric field (D-E) measurements

D-E loops were obtained using a state-of-the-art aixACCT
TF2000E ferroelectric tester where AC electric fields (up to
10 kV) were applied across the polymer films with a triangular
waveform at a frequency of 10 Hz. Breakdown measurements
were performed by increasing the electric field iteratively, doing
unipolar loops until the sample was broken. Chromium (5 nm)/
gold (100 nm) electrodes with a diameter of 2 mm were de-
posited on both sides of the poly(VDF-co-VA) copolymer (cross-
linked) films by vapor deposition. Chromium was used only as
the adhesion layer. Silicon oil was used to prevent flashovers.

Results and discussion

As previously reported, poly(VDF-co-VA) copolymers with
15 mol% VA are synthesized via free radical copolymerization
of VDF and VAc, followed by hydrolysis in a dioxane/hydro-
chloric acid mixture to yield poly(VDF-co-VA).>” Using the reac-
tion conditions described, the yield of the poly(VDF-co-VAc)
precursor is 3.0 grams, while the subsequent hydrolysis step,
including purification, gives a 90% efficiency. Subsequently,
poly(VDF-co-VA) and bifunctional hexamethylene diisocyanate
(HMDI) are dissolved at 80 °C in cyclopentanone to ensure
good mixing and to minimize the water content in the solu-
tion. After casting and evaporation on aluminium at 130 °C, a
simple thermal process at 160 °C (above the melting tempera-
ture of poly(VDF-co-VA) is performed to create fluorinated
polymer networks by urethane bond formations (Fig. 1a).
Noteworthily, an additional advantage of using urethane
chemistry is that no byproducts, acting as plasticizers, are
formed during the synthetic process that can cause dielectric
losses in high electric field applications. Using a lift-off
method in water, free-standing transparent flexible crosslinked
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Fig. 1
mium/gold electrodes.
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films are obtained (Fig. 1b). The HMDI content during the
crosslinking procedure is varied, and the characteristics of the
(crosslinked) poly(VDF-co-VA) copolymers used in this study
are summarized in Table 1. Using 0.5-, 1.0-, and 20-fold excess
of isocyanate groups compared to the hydroxyl groups of poly
(VDF-co-VA) during the film formation, the crosslinked
samples are denoted as C05, C1 and C20, respectively.

To confirm the formation of the fluorinated polymer net-
works, C05, C1 and C20 films are immersed in dimethyl-
formamide (a good solvent for poly(VDF-co-VA) copolymers)
and are found to be insoluble, proving their crosslinked
nature. Fourier transform infrared (FTIR) spectra are recorded
to identify the characteristic bands as a result of network for-
mation (Fig. 2). For the crosslinked polymers, the character-
istic absorbance bands of the amide bond of the carbamate
appear at 1525 cm™ ', and the strong bands corresponding to
the carbonyl stretching are visible at 1704 cm ™. In addition,
the asymmetric stretch of the isocyanate groups, expected to be
at 2277 em™, indicates that the grafting of the poly(VDF-co-VA)
copolymers with HMDI occurred.”® Note that HMDI is a liquid
(b.p. 255 °C) and evaporate partly in conjunction with cyclo-
pentanone during film formation.

Table 1 Characteristics of the fluorinated polymers used in this study

HMDI  AH,"(Jg™") Xe waxs (%) DY (nm)
Poly(VDF-co-VA)  — 29.4 38 12.3
Co5 0.5 12.5 13 6.4
c1 1 10.4 5.4 6.1
C20 20 0 0 —

“Ratio of isocyanate to hydroxyl groups used in poly(VDF-co-VA) cross-
linking. ? Melting enthalpy obtained using DSC. ¢ Degree of crystalli-
nity calculated after WAXS peak deconvolution. ¢ Average crystallite
size calculated using the Scherrer equation.

= Crystal

(a) Schematic representation of poly(VDF-co-VA) crosslinking. (b) Flexible transparent crosslinked poly(VDF-co-VA) copolymer film with chro-
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Fig. 2 IR spectra of poly(VDF-co-VA), C05, C1 and C20 showing the

urethane bond formation after crosslinking and the crystalline $-phase
recorded at room temperature.

To gain insights into the effect of crosslinking on the crys-
tallinity and the thermal properties, differential scanning
calorimetry (DSC) measurements are conducted to show the
melting endotherms for the as prepared films as depicted in
Fig. 3. Herein, the pristine poly(VDF-co-VA) copolymer shows a
single melting endotherm at 124 °C having a melting enthalpy
of 29.4 J g7, Since the melting enthalpy of the 100% crystal-
line poly(VDF-co-VA) is unknown, only the relative changes in
the enthalpy between the samples provide information about
the crystallinity. As crosslinking of PVDF-based copolymers
strongly reduces the mobility and hampers the crystallization
process, yielding smaller crystals and lowering the crystallinity,

g— =29.4J g

o |P(vDF-co-va)

o

c

o

=

=

S |1 AH,= 10.4J g

2 »/\

T

w® |c20
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Fig. 3 DSC thermograms of poly(VDF-co-VA), C05, Cl1 and C20

demonstrating the impact of crosslinking on the reduction of the
melting temperature.
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the melting temperature for C05 and C1 is reduced to 91 °C
and 86 ©°C, respectively. In addition, for both crosslinked
samples, a second melting endotherm is visible around 56 °C.
The melting enthalpy for CO05 is 12.5 J g ', whereas the
enthalpy of C1 is determined to be 10.4 ] ¢”'. When a 20-fold
excess of isocyanate to hydroxyl groups is used, no crystalliza-
tion occurs, as demonstrated by the absence of the melting
endotherm in the DSC profile. As expected, increasing the
amount of HMDI during the crosslinking of poly(VDF-co-VA)
reduces the crystallinity of the crosslinked samples, as demon-
strated by the progressively reduced melting enthalpies of poly
(VDF-co-VA), C05 and C1. The second endotherm visible in the
DSC profiles of C05 and C1 might be caused by additional
nucleation points originating from the urethane linkages in
the polymer backbone, which results in smaller and/or more
defective crystals or the appearance of a Curie transition as a
consequence of the crystallization conditions.*® Future work
should provide more insights into the effect of crosslinking on
the thermal behavior of the crosslinked poly(VDF-co-VA)
copolymers.

The crystalline phases, crystal lattice spacing, crystallite size
and the degree of crystallinity of the poly(VDF-co-VA) copoly-
mers are obtained from the FTIR spectra (Fig. 2) and deconvo-
luted WAXS profiles as demonstrated in Fig. 4. As previously
reported, the poly(VDF-co-VA) copolymer with 15 mol% VA crys-
tallizes from the melt solely in the ferroelectric p-phase, as
indicated by the peak of the (110/200) refractive plane located
at 14.6 nm™ " in the WAXS profile and the characteristic absorp-
tion bands at 510, 840, 1273 cm™ " in the FTIR spectrum associ-
ated with the all-trans conformation.*’ The crystalline cross-
linked samples, C05 and C1, show that upon crosslinking
the highly polar p-phase is obtained. Herein, the scattering
peak of C05 has remained at the same position and that of C1
changed to 14.5 nm™", which indicates that more defects are
introduced in C1 resulting in an expansion of the crystal
lattice. Moreover, using the Scherrer equation, the crystallite
sizes of the crystalline samples are determined. Pristine poly
(VDF-co-VA) shows an average crystallite size of 12.3 nm™,
whereas the crystallite sizes of the crosslinked copolymers,
C05 and C1, are determined to be 6.4 and 6.1 nm™", respect-
ively. In addition, absorption bands in the FTIR spectra corres-
ponding to the p-phase appear for C05 and C1 as well, albeit
in a lower intensity indicative of the reduced crystallinity. In
contrast, for C20, the WAXS profile just shows an amorphous
halo, and the typical absorption bands corresponding to the
crystalline phases of PVDF are absent. The degree of crystalli-
nity of poly(VDF-co-VA), C05, C1 and C20 is quantified by the
fraction of the crystalline phase via peak deconvolution of the
WAXS profiles and determined to be 38, 13, 5.4, and 0%,
respectively. This large reduction in crystallinity for the cross-
linked samples compared to pristine poly(VDF-co-VA) is also
observed for the melting enthalpies. In the literature,
reduction of the melting temperature of PVDF-based copoly-
mers after crosslinking is observed in both irradiated samples
and samples crosslinked with amines and peroxides.”**
However, inhomogeneous irradiation over the fluorinated

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Deconvoluted WAXS profiles of (a) poly(VDF-co-VA), (b) CO5, (c) C1 and (d) C20 recorded at room temperature.

polymer or macrophase separation of crosslinking agents
leads to a non-uniform distribution of crosslinks, resulting in
large crystalline domains and melting temperatures still close
to the pristine copolymers. In contrast, the vinyl alcohol units
in poly(VDF-co-VA) are nicely distributed over the polymer
backbone, resulting in smaller crystalline domains and there-
fore lower melting temperatures.

The electroactive behavior of PVDF-based polymers is
mainly determined by their crystalline phase, crystal lattice
spacing, crystallite size, polarizability of the domain walls and
crystallinity.'® To investigate the electrical properties of the
crosslinked polymers, electric fields in a triangular waveform
at 10 Hz are applied, which measures the polarization as the
integral of the resulting current. In Fig. 5, the displacement-
electric field (D-E) loops of pristine poly(VDF-co-VA), C05, C1
and C20 are depicted up to similar fields (200 MV m™"). The
pure copolymer shows a ferroelectric behavior, whereas C05
and to a greater extent (lower remanent polarization) C1
demonstrate double hysteresis loops (DHL). The amorphous
crosslinked copolymer, C20, shows an expectedly linear dielec-
tric behavior due to the absence of electroactive crystals and
fast dipolar relaxation processes commonly observed in amor-
phous dielectrics.

This journal is © The Royal Society of Chemistry 2019

From the literature, it is well understood that ferroelectric
coupling interactions within the ferroelectric crystal (type I),
and between the ferroelectric crystals along the field direction
(type II) and perpendicular to the electric field (type III) all
induce polarizations that result in ferroelectricity." Herein,
type I has the biggest influence and type III the lowest to
render a ferroelectric response. In addition, a high polarizabil-
ity (i.e. dielectric constant) of the amorphous matrix is of great
significance to maintain ferroelectricity, since it better accom-
modates polarizations induced by the ferroelectric domains.
In pristine poly(VDF-co-VA), the introduction of defects in the
PVDF backbone and an increase in the crystal lattice spacing
ensure the formation of the ferroelectric p-phase. In addition,
the relatively large crystallites and degree of crystallinity allow
all coupling interactions to happen, leading to a ferroelectric
behavior. In contrast, when the crosslinked copolymers (C05
and C1) crystallize in the B-phase, but the crystals are separ-
ated by crosslinks, the small crystallite sizes diminish type I
interactions. Besides that the crystals are separated by cross-
links and that there is a reduction in crystallinity, the polarity
of the crystalline-amorphous interface is reduced by including
a non-polar crosslinking agent in the amorphous domains,
diminishing type II and III interactions. Since the compensa-

Polym. Chem., 2019, 10, 1335-1343 | 1339
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Fig. 5 Displacement—electric field (D—E) loops of pristine poly(VDF-co-VA), C05, C1 and C20 up to 200 MV m™, wherein the D—E loops become
slimmer upon increasing HMDI content and the maximum displacement is reduced. All measurements were conducted at room temperature.

tional polarization is insufficient to maintain dipole orien-
tation after field removal, a non-linear DHL behavior is
observed, where the crystalline dipoles adopt again a random
orientation. Similarly, this effect of polarizability at the nano-
crystal interface on electroactive properties is also observed in
the poly(VDF-co-CTFE) terpolymers grafted with low dielectric
constant polystyrene (PS) and in the PS-b-poly(VDF-co-TrFE)-b-
PS triblock copolymers.**** In both cases, the nanosized crys-
tals also have an insulating (PS) layer destabilizing the polariz-
ation induced by the electric field, resulting in a DHL behavior
and for the block copolymer even a linear dielectric behavior,
severely reducing the effect of macroscopic polarization.
Interestingly, this change in the electroactive behavior of the
crosslinked samples is completely different from those
observed for the other chemically crosslinking methods (via
irradiation or using amines). As previously discussed, the
inhomogeneous characteristic of these samples results in the
normal ferroelectric behavior, since the uneven distribution of
crosslinking sites allows the formation of large ferroelectric
domains.?*?>3°

Nevertheless, when the electric field is increased to extre-
mely high fields (above 200 MV m™"), the crystalline cross-
linked samples become ferroelectric-like as well (ESIT). This is
likely caused by a better alignment and an increased size of
ferroelectric domains at high fields, showing that for high

1340 | Polym. Chem., 2019, 10, 1335-1343

field applications, even ultrafine p-crystals have to be isolated
well (e.g. via block copolymer self-assembly).>**7~*>

As already shown in eqn (1), the dielectric performance is
largely determined by the electric field that is applied. To
demonstrate the increased dielectric strength and improved
reliability of the crosslinked fluorinated networks compared to
pristine poly(VDF-co-VA), a two-parameter Weibull analysis is
performed using eqn (2):

F(x)=1— exp<7<§)ﬂ>. (2)

Herein, F(x) displays the cumulative probability of failure, x
is the measured breakdown strength, a is the breakdown
strength at which 63.2% of the samples have failed and f is
the shape parameter (a higher value for # means a higher
reliability). The Weibull plots of poly(VDF-co-VA), C05, C1 and
C20, wherein F(x) is plotted versus logarithm of the electric
field, are depicted in Fig. 6. The breakdown strengths for C05,
C1 and C20 are determined to be 518, 509 and 559 MV m™",
respectively, whereas pristine poly(VDF-co-VA) has a breakdown
strength of 369 MV m™", clearly demonstrating the improved
breakdown strength as a result of chemical crosslinking.
Additionally, the slope (f) of the crosslinked samples in the
Weibull plot is much steeper, indicating a narrower distri-

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8py01802b

Open Access Article. Published on 01 February 2019. Downloaded on 12/6/2025 11:03:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

1] = P(VDF-cova)
. CO5
{1 +c1
ol v ca0
I 9 =369 MV m:!
= 1 =52 a=559 MV m-
- -1 B=222
£
‘l" ] a=509 MV m#
£ 2. B=9.5
J a=518 MV m-!
B=9.5
_3_ v
525 550 575 6.00 6.25 6.50 6.75

In(x)

Fig. 6 The Weibull analysis of breakdown strengths of poly(VDF-co-
VA), C05, C1 and C20 recorded at room temperature.

bution and thus an increased reliability compared to pristine
poly(VDF-co-VA). Similar trends are observed for poly(VDF-co-
CTFE) when crosslinked using peroxides and triallyl isocyanu-
rate.>* Herein, the pristine copolymer has a dielectric break-
down strength of 360 MV m™", and the crosslinked samples
have between 455 and 614 MV m™". The restrained chain
mobility caused by crosslinking allows the formation of traps,
reducing the number of conduction carriers and thus suppres-
sing conductivity.”> Moreover, a reduction in ferroelectric
losses leading to a better heat removal also increases the life-
time of the capacitors, just as an increase in the mechanical
properties.”>***”

The stored and released energy densities calculated from
the unipolar displacement-electric field loops (ESIT) are the
benchmark values for capacitive energy storage devices. In
Fig. 7, we depict the stored and released energy densities
versus the electric field. As expected, reducing the crystallinity
due to crosslinking leads to less capacitive energy stored
inside the materials at similar electric fields. For example, at
200 MV m™", due to the nonlinear relation of polarization with
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the increasing electric field, ferroelectric poly(VDF-co-VA)
shows a nearly 4-fold higher stored energy density (7.7 ] cm™?)
than linear dielectric C20 (1.8 J cm™>), whereas C05 and C1
demonstrate polarization values of 6.1 and 4.6 J cm >, respect-
ively. However, due to the large improvement in breakdown
strength, the maximum energy density discharged from the
crosslinked capacitors is increased 2-2.5 times compared to
the pristine copolymer.

Interestingly, the released energy densities of pristine poly
(VDF-co-VA) are relatively high for an ferroelectric polymer,
likely caused by a strong physical pinning effect of VA units in
the polymer backbone as opposed to the weak physical
pinning of TrFE units in poly(VDF-co-TrFE) copolymers,
enhancing the dipole reversibility.'* However, the released
energy densities of C05 and C1 are relatively close to that of
pristine poly(VDF-co-VA) due to the small ferroelectric domain
size, minimizing coupling interactions, which leads to low
remanent polarizations. This also results in clearly increased
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Fig. 8 Charge—discharge efficiencies of poly(VDF-co-VA), C05, C1, and
C20 at room temperature.
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Fig. 7 Stored and released energy densities of poly(VDF-co-VA), C05, C1 and C20 at room temperature.
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efficiencies of the crosslinked samples at low electric fields
(below 200 MV m™") as depicted in Fig. 8. At higher electric
fields, above 200 MV m™, the electric efficiencies of C05 and
C1 are reduced due to the alignment of ferroelectric domains.
In contrast, amorphous C20 displays high efficiencies above
70% until 400 MV m™", while still having discharged energy
densities far above the state-of-the-art biaxially oriented

polypropylene.

Conclusions

We have demonstrated a novel method to chemically crosslink
fluorinated polymers and shown their electroactive behavior.
By employing simple urethane chemistry to crosslink poly
(VDF-co-VA) copolymers, the degree of crosslinking is varied by
changing the amount of the crosslinking agent (HMDI). After
crosslinking, the crystalline samples C05 and C1 show the
highly polar B-phase in its all-trans conformation. The polariz-
ation hysteresis curves become slimmer as a result of cross-
linking. C05 and C1 show double hysteresis loops where loops
of C1 display a lower remanent and maximum polarization
due to a stronger reduction in crystallinity and having an
increased crystal lattice spacing, enhancing the dipole reversi-
bility. The absence of crystallites in C20 leads to a linear
response of polarization when the electric field is increased. In
addition, chemical crosslinking of poly(VDF-co-VA) copolymers
increases the breakdown strength and reliability drastically,
leading to higher stored and discharged energy densities while
having increased efficiencies compared to pristine ferroelectric
poly(VDF-co-VA). Therefore, crosslinking poly(VDF-co-VA) copo-
lymers via simple urethane chemistry provides a novel
approach to produce materials for capacitive energy storage
applications, wherein no external processing methods are
required, while outperforming the state-of-the-art materials
such as biaxially oriented polypropylene.
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