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axor ferroelectric via peroxide
crosslinking†

Liang Gao,ab Linping Wang a and Ben-Lin Hu *ab

Relaxor ferroelectrics are well-known for their high dielectric constants, low dielectric losses, and excellent

electromechanical properties, making them valuable for various electronic devices. Despite recent efforts

to enhance the durability of ferroelectrics through chemical cross-linking, achieving elasticity in relaxor

ferroelectric materials remains a significant challenge. These materials inherently possess traits such as

low crystallinity and small crystal size, while chemical crosslinking tends to diminish polymer crystallinity

considerably. Thus, a key obstacle to making relaxor ferroelectric polymers elastic lies in safeguarding

their crystalline regions from the effects of slight crosslinking. To tackle this issue, we selected P(VDF-

CTFE-DB) with highly reactive C]C double bonds as crosslinking sites, reducing the amount of cross-

linking agents added and thereby lessening their impact on crystallinity. Through peroxide crosslinking,

we transformed linear P(VDF-CTFE-DB) into a network structure, successfully producing a resilient

relaxor ferroelectric material with maintained polarization intensity for ferroelectricity. Notably, this

elastic relaxor ferroelectric was synthesized at relatively low temperatures, exhibiting a remarkable

dielectric constant, superior resilience, fatigue resistance, and a stable ferroelectric response even under

strains of up to 80%. Our approach paves the way for developing low-cost, high-dielectric-constant

elastomers suitable for wearable electronics and related applications.
Introduction

Relaxor ferroelectrics (RFEs) possess vast potentials in contempo-
rary electronic devices, particularly within the realm of exible
electronics, designated as the preferred materials for numerous
electronic components, including acoustic sensors, solid-state
coolers, transducers, and actuators. This preference stems from
their exceptional properties, including high dielectric constant,
low hysteresis, and superior electromechanical and pyroelectric
properties.1–5 Therefore, numerous efforts have been made to
explore new methods, such as ‘ferroelectric chemistry’ to advance
the synthesis of novel ferroelectrics.6–8 Classic relaxor ferroelec-
trics, such as PMN-PT, exhibit diffuse phase transitions and strong
frequency-dependent dielectric properties, making them highly
suitable for applications in actuators, sensors, and transducers
due to their large electro-mechanical coupling and high piezo-
electric coefficients. The emergence of wearable electronics has
propelled the demand for the elastication of functional
materials,9–12 leading us to develop elastic polymer ferroelectrics
capable of delicately balancing crystallinity and resilience by slight
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crosslinking.13 During the elastication wave of functional mate-
rials, relaxor ferroelectrics have lagged behind.14,15 Polymer-based
relaxor ferroelectric materials, such as the poly(vinylidene uo-
ride) (PVDF)-based terpolymers or tetrapolymers, have emerged as
the premier choice for rendering relaxor ferroelectric materials
elastic, due to their solution processability, chemical stability, and
high exibility.16–19 Currently, signicant strides have been made
in elucidating the fundamental mechanisms underlying PVDF-
based relaxor ferroelectric materials, thereby guiding the
discovery of new relaxor ferroelectric organic materials for exible,
scalable, biocompatible sensor and energy applications.20 The
elastication of relaxor ferroelectric polymers holds profound
importance and warrants comprehensive investigation, given its
pivotal role in wearable or exible electronics. However, the high
cost of PVDF terpolymers or tetrapolymers, combined with their
inherent challenges of low crystallinity and small crystal
domains,21 presents a dual challenge involving cost consideration
and the intricate balancing between crystallinity and ferroelec-
tricity in the elastication process of relaxor ferroelectric polymers.

To address the challenge, we meticulously selected a PVDF-
based polymer, P(VDF-CTFE-DB),22,23 as the starting material for
several reasons. Firstly, P(VDF-CTFE) is highly cost-effective
compared to other PVDF-based copolymers, with its cost being
less than one percent of that of commonly used relaxor ferro-
electric polymers like P(VDF-TrFE-CFE) (Table S1†). Secondly, the
molecular structure of P(VDF-CTFE-DB) incorporates unsatu-
rated –C]C– bonds, which not only simplies the synthesis
© 2024 The Author(s). Published by the Royal Society of Chemistry
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process but also signicantly enhances reactivity and cross-
linking efficiency.24 Lastly, the synthesis of P(VDF-CTFE-DB) from
the affordable P(VDF-CTFE) involves only a single-step reaction in
a basic environment using triethylamine.22 This straightforward
synthesis, coupled with simple separation, is highly suitable for
industrial scale-up.

In our previous work, the thermal crosslinking process
requires high temperatures of up to 240 °C,13 posing an addi-
tional high risk for CMOS or organic electronic procedures.25–27

Thus, there is an urgent quest for alternative methods that
operate under milder conditions to realize the elastication of
ferroelectrics,28,29 Herein, we intentionally opted for peroxide
crosslinking, motivated by three key considerations. Firstly, the
crosslinking temperature can be decreased by choosing suitable
and active peroxides.30 Secondly, peroxide crosslinking relies on
highly reactive free radicals, ensuring high crosslinking effi-
ciency, thus requiring lower additive amounts for efficient
crosslinking.31,32 Thirdly, the lms prepared from peroxide
crosslinking usually exhibit high thermal stability and excellent
chemical stability due to their dense network structure.33,34

Bis(tert-butyldioxyisopropyl)benzene (BIPB) was selected as
the initiator for the crosslinking due to its multifaceted
advantages. This choice facilitates a reduction in additive
amounts, along with offering high thermal decomposition
activation energy, a slow decomposition rate, and the produc-
tion of high-quality crosslinked products, minimal release of
irritating odors, contributing to environmental friendliness.35,36

Additionally, triallyl isocyanurate (TAIC) was chosen as the co-
crosslinking agent to enhance crosslinking efficiency. As the
best co-crosslinking agent, the triazine ring in TAIC imparts
strong chemical and thermal stability, reinforcing the cross-
linking network and further improving the thermodynamic and
chemical stability of the crosslinked samples.31,32,37
Fig. 1 The formation mechanism of elastic polymer ferroelectric by per

© 2024 The Author(s). Published by the Royal Society of Chemistry
Herein, a relaxor ferroelectric elastomer (crosslinked-P(VDF-
CTFE-DB)) was successfully prepared by peroxide crosslinking
at low temperatures (160 °C), exhibiting a high elastic recovery,
high-dielectric constant, superior chemical and thermal
stability, and cost-effectiveness. The resulting relaxor ferro-
electric displays a high dielectric constant (approximately 22 at
room temperature and 100 Hz), and a broad ferroelectric-to-
paraelectric transition temperature range, indicating its
capacity to maintain high dielectric constant across various
temperature ranges. Moreover, this crosslinked P(VDF-CTFE-
DB) lm maintains a stable ferroelectric response even under
strains up to 80%. In particular, compared to commercial u-
orubbers, it exhibits superior resilience and fatigue resistance.
By employing the peroxide initiator BIPB and the co-
crosslinking agent TAIC, we obtained relaxor ferroelectric
elastomers with high resilience and high dielectric constants at
room temperature under a mild crosslinking condition.
Results and discussion
Preparation of elastic polymer RFEs via peroxide crosslinking

The polymer P(VDF-CTFE-DB) was synthesized following the re-
portedmethod,22 and its 1HNMR spectrum in acetone-d6 is shown
in Fig. S1.† The pristine P(VDF-CTFE-DB) was dissolved in acetone,
with a certain ratio of BIPB and TAIC. The resulting solution was
then either cast or spin-coated onto substrates to form thick and
thin lms, respectively. Aer natural evaporation of the solvent in
a fume hood, the blended P(VDF-CTFE-DB) was obtained with any
residual solvent completely removed under vacuum. Subse-
quently, thermal crosslinking was conducted by step-heating in
ambient air to gain the crosslinked P(VDF-CTFE-DB).

The crosslinking mechanism is illustrated in Fig. 1. Upon
heating, the peroxide bonds in BIPB undergo homolytic
oxide crosslinking.

Chem. Sci., 2024, 15, 15432–15439 | 15433
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cleavage, yielding alkoxyl free radicals.31,32,38 These radicals
subsequently initiate the attack on unsaturated C]C bonds
within the PVDF-based polymer, generating polymer free
radical intermediates. Interaction between these intermediates
and the allylic bonds present in the tri-functional TAIC initiates
the crosslinking reaction. Notably, TAIC played a crucial role as
the co-crosslinking agent, facilitating the formation of the
network with higher crosslinking density even at low BIPB
feeding amounts.37 Throughout this crosslinking process, by-
products such as acetone, butanol, and methane were
released in gaseous form.
Crosslinking and characterization of elastic RFE lms

Through differential scanning calorimetry (DSC) analysis of the
blended P(VDF-CTFE-DB) lms illustrated in Fig. 2a, an
exothermic peak corresponding to the crosslinking reaction is
observed within the range of 120–215 °C. To ensure thorough
crosslinking, thermal treatment at 160 °C for one hour was
employed, resulting in complete crosslinking, as conrmed by
the absence of an exothermic peak during the rst heating cycle
of the DSC curve (the inset of Fig. 2a) for the crosslinked P(VDF-
CTFE-DB) lm. Subsequently, DSC testing was conducted on
crosslinked P(VDF-CTFE-DB) lms with varying ratios of BIPB
and TAIC, as shown in Fig. S2.† It is observed that the content of
the crosslinking initiator within this range had no signicant
Fig. 2 Crosslinking characterization of elastic RFE films with the ratios
blended P(VDF-CTFE-DB) (‘B-DB’ for short) film indicating in situ crosslin
short). (b) Melting enthalpy of crosslinked P(VDF-CTFE-DB) films with diff
(b) of pristine (‘DB’ for short), blended and crosslinked P(VDF-CTFE-DB)

15434 | Chem. Sci., 2024, 15, 15432–15439
impact on the melting temperature of the crosslinked P(VDF-
CTFE-DB) lm. Nevertheless, as the ratio of the BIPB and
TAIC increased, the crystalline melting enthalpy of the cross-
linked P(VDF-CTFE-DB) lm consistently decreased. It reaches
an extremum at a peroxide initiator ratio of 10%, indicating
enhanced crystallinity at this point—a crucial assurance for
a favorable ferroelectric relaxor response, as illustrated in
Fig. 2b.

The crosslinked P(VDF-CTFE-DB) lms exhibited excellent
thermal and chemical stability. Specically, the crosslinked
P(VDF-CTFE-DB) lm demonstrated exceptional thermal
stability, with a temperature of decomposition (Td) exceeding
400 °C, as evidenced by the thermogravimetric analysis curve
(Fig. S3†). Additionally, when subjected to various organic
solvents such as acetone, cyclohexanone, isophorone, and DMF,
the crosslinked P(VDF-CTFE-DB) lms displayed stability, as
shown in Fig. S4.† Aer immersion in these solvents for two
weeks, minimal swelling was observed, and the gel contents
remained around 90%, as presented in Table S2.† Moreover, in
subsequent acid–base resistance tests, no obvious color or
volume changes were observed in the crosslinked P(VDF-CTFE-
DB) lms aer two weeks of immersion in concentrated sulfuric
acid and saturated sodium hydroxide aqueous solution, as
depicted in Fig. S5.† These ndings highlight the enhanced
stability of electronic devices fabricated using crosslinked
of BIPB and TAIC is 10% and 8%, respectively. (a) DSC curves of the
king. (Inset) DSC curves of the crosslinked P(VDF-CTFE-DB) (‘C-DB’ for
erent crosslinking densities. (c and d) FT-IR spectra (c) and XRD patterns
films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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P(VDF-CTFE-DB) lms, thereby expanding their potential
applications.

Fourier-transform infrared spectroscopy (FT-IR) analysis
revealed structural changes in the lms pre- and post-
crosslinking, as shown in Fig. 2c. In the blended P(VDF-CTFE-
DB) lm, the disappearance of the C]C double bond signal
of the crosslinking agent TAIC at ∼1697 cm−1 aer crosslinking
suggests its extensive involvement during the crosslinking
reaction. Notably, the C]C double bonds within the P(VDF-
CTFE-DB) chain did not fully participate in the crosslinking
process, as evidenced by the persistent presence of C]C double
bonds at 1720 cm−1 (Fig. S6a†). Aer crosslinking, there was
a notable increase in the content of the a-phase (610 cm−1) and
b-phase (1060 cm−1), particularly in the a-phase, as observed in
Fig. S6b–S6d.† This nding was further conrmed by X-ray
diffraction (XRD) analysis (Fig. 2d), which demonstrated an
increased content of a-phase (18.9°) and b-phase (19.2°) aer
crosslinking.39

Further insights were gained into the signicant inuence of
the content of BIPB and TAIC on the mechanical properties of
the crosslinked P(VDF-CTFE-DB) lms. Stress–strain tests were
conducted on crosslinked P(VDF-CTFE-DB) lms with varying
ratios of the peroxides, as depicted in Fig. 3. When comparing to
the pristine P(VDF-CTFE-DB) lm lacking a crosslinking initi-
ator (Fig. S7†), the elongation at break sharply decreased from
∼1300% for the pristine P(VDF-CTFE-DB) to ∼340% for the
Fig. 3 Mechanical properties of elastic RFE films. (a) Stress–strain curve
ratios. (b) Modulus and elongation of crosslinked P(VDF-CTFE-DB) films
crosslinked P(VDF-CTFE-DB) films with a crosslinking initiator ratio of 10
first cycle was omitted owing to clamp sliding and the X-axis is shifted f
CTFE-DB) films compared with the unrecoverable deformation of the p
P(VDF-CTFE-DB) film with a crosslinking density of 10% under 50% strain
801).

© 2024 The Author(s). Published by the Royal Society of Chemistry
crosslinked P(VDF-CTFE-DB) with a BIPB ratio of 2%. As the
content of the BIPB and TAIC increased, a decreasing trend in
the elongation at break was observed, alongside an increasing
trend in modulus, as shown in Fig. 3b. Furthermore, cyclic
stress–strain tests were conducted on crosslinked P(VDF-CTFE-
DB) lms with initiator ratios of 8% and 10% (refer to Fig. S8†),
indicating superior cyclic performance for the lms with a 10%
BIPB ratio. Based on the comprehensive results of mechanical
properties and crystalline melting enthalpy, the 10% initiator
ratio was deemedmore suitable for achieving a balance between
elasticity and crystallinity, thus using it as the preferred ratio for
all subsequent experiments.

Further cyclic stress–strain testing was performed,
comprising 5 cycles (depicted in Fig. 3c) and an extended 3000
cycles (illustrated in Fig. 3d). The results indicated that the
recovery rate of the lm remained consistently above 95% under
strains ranging from 40% to 80% during cyclic loading.
Compared to commercial uorubber, the crosslinked P(VDF-
CTFE-DB) lm exhibited superior fatigue resistance and
higher recovery ratios. Remarkably, even aer 100 cycles, the
crosslinked P(VDF-CTFE-DB) lm promptly maintained stable
elastic recovery. To decipher the underlying mechanism behind
the lm's elasticity, stress–temperature performance testing
was conducted on the crosslinked P(VDF-CTFE-DB) lms. The
elasticity of the crosslinked P(VDF-CTFE-DB) lm, as deter-
mined by varying the temperature under different strains
s of crosslinked P(VDF-CTFE-DB) films at various crosslinking initiator
at various crosslinking initiator ratios. (c) Cyclic stress–strain curves of
% and pristine P(VDF-CTFE-DB) films (inset) under different strains (the
or clarity), indicating the excellent resilience of the crosslinked P(VDF-
ristine P(VDF-CTFE-DB) films. (d) The fatigue resistance of crosslinked
, compared to that of a commercial fluorubber P(VDF-HFP) (DAI-EL, G-

Chem. Sci., 2024, 15, 15432–15439 | 15435
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(Fig. S9†), was attributed to entropy elasticity rather than energy
elasticity.13 This inherence arises from the transformation of
macromolecular chain conformations within the crosslinked
P(VDF-CTFE-DB) lm from coil-like to rod-like shape under
external forces, resulting in a decrease in the entropy change.
The rod-like state of the system becomes unstable, and upon
removal of the external force, due to thermal motion, the
molecular chains spontaneously tend toward an increase of the
entropy change in the system. Consequently, the molecular
chains revert from the rod-like shape to the coil-like shape,
exhibiting excellent elastic recovery properties.40–43 These
results conrm that the intrinsic elasticity of relaxor ferroelec-
tric polymers is achieved through peroxide initiation at a rela-
tively low temperature.
Relaxor ferroelectricity of crosslinked P(VDF-CTFE-DB)

The ferroelectric relaxor behavior of crosslinked P(VDF-CTFE-
DB) is characterized using dielectric-temperature curves,
polarization-electric eld curves, and piezoresponse force
microscopy (PFM) testing, as illustrated in Fig. 4.

The dielectric–temperature curve of the crosslinked P(VDF-
CTFE-DB) lm reveals distinct relaxor characteristics with
a broader Curie transition temperature (Tc) range. As the test
frequency increases, the Tc shis towards higher temperatures,
enabling the crosslinked P(VDF-CTFE-DB) lm to possess
a higher dielectric constant near room temperature. Notably,
both the Tc and the peak temperature of dielectric loss shi
towards higher temperatures with increasing frequency,
demonstrating signicant frequency dependence. Compared to
pristine P(VDF-CTFE-DB) (Fig. S10†), the crosslinked lm
exhibits a higher dielectric constant and a wider range of low
Fig. 4 Ferroelectric properties of crosslinked P(VDF-CTFE-DB) films. (a
TrFE-DB) films at different frequencies. (b and c) P–E loops of Au/C–P
different frequencies (c). (d) Phase-voltage hysteresis and amplitude–volt

15436 | Chem. Sci., 2024, 15, 15432–15439
dielectric loss temperatures. At room temperature and under
a frequency of 100 Hz, the dielectric constant reaches approxi-
mately 22, with a dielectric loss tangent below 0.1 (Fig. 4a). The
Vogel–Fulcher relationship is employed to describe the
dynamics of thermally activated dipoles and the freezing
behavior of relaxor ferroelectrics. It reects the freezing
behavior caused by the interaction between dipoles. The Vogel–
Fulcher relation as shown in eqn (1) (ref. 44)

f ¼ f0exp

�
Ea

kB=Tmax � TVF

�
(1)

where Ea is the activation energy, f is the probing frequency kB is
the Boltzmann constant (8.617 × 10−5 eV k−1), f0 is the relaxa-
tion frequency of dipoles, Tf is the freezing temperature, and Tm
is the temperature corresponding to the maximum dielectric
constant. Vogel–Fulcher equation ts of our permittivity data
measured for frequencies ranging between 100 Hz and 1 MHz
are given in Fig. S11.† They show the predicted linear relation
between the reduced frequency [ln(f/f0)]

−1 and Tmax. All tting
parameters are consistent with the Vogel–Fulcher law. Intrinsic
elastomers with such high dielectric constant and low dielectric
loss are the key materials for so robots and wearable devices,
serving as elastic sensors, energy storage units, and actuators.

The P–E loops of crosslinked P(VDF-CTFE-DB) were obtained
using a sandwich structure device (Au/C-DB/Au/Si). As shown in
Fig. 4b, the loops exhibited a low rectangularity, appearing
slender, which is a typical feature of a relaxor ferroelectric
material. As the applied electric eld increases, the initial
hysteresis does not gradually expand but maintains a slender
shape, characterized by a signicantly large ratio between
saturated polarization (Pmax) and remanent polarization (Pr),
) Temperature-dependent 3 and dielectric loss of crosslinked P(VDF-
(VDF-CTFE-DB)/Au under different electric fields at 1000 Hz (b) and
age butterfly loop. (e and f) phase (e) and amplitude (f) mapping of PFM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resulting in lower rectangularity. At 1 kHz and 330 MV m−1, the
Pmax and Pr of the crosslinked P(VDF-CTFE-DB) lm are 6.23
and 0.87 mC cm−2, respectively. In comparison, the pristine
P(VDF-CTFE-DB) exhibits Pmax and Pr values of 3.32 and 0.52 mC
cm−2, respectively (Fig. S12a†). The coercive eld (Ec) of∼36 MV
m−1 remains unchanged before and aer crosslinking.
However, as the applied electric eld continues to increase,
both Pmax and Pr continue to grow, exhibiting a saturating trend.
Eventually, at a high electric eld of 880 MV m−1, Pmax and Pr
reach 14 and 4.5 mC cm−2, respectively, with a coercive eld Ec of
approximately 177 MV m−1 (Fig. S13†). This demonstrates
a pronounced saturation trend, highlighting the saturated
characteristics of relaxor ferroelectric material under a strong
electric eld. The Pr of the crosslinked P(VDF-CTFE-DB)
increases from 0.51 to 3.23 mC cm−2 across test frequencies
ranging from 10 kHz to 10 Hz (Fig. 4c). Compared to pristine
P(VDF-CTFE-DB) (Fig. S10b†), the crosslinked P(VDF-CTFE-DB)
lm exhibits more pronounced relaxor behavior due to a more
condensed network introduced by peroxide crosslinking. The
introduction of C]C double bonds in the ferroelectric polymer
reduces spatial hindrance for ferroelectric phase formation and
promotes the generation of the ferroelectric phase. This
enhancement is partly attributed to the increase in both the
non-polar a-phase and the polar b-phase. In addition, the
enhanced polarization effect at the interface resulting from the
crosslinked network structure also contributes to polarization.
However, the polarization at the interface cannot persist aer
the removal of the electric eld, leading to a signicant increase
Fig. 5 FE response of elastic RFEs under strains. (a and b) Schematic struc
(b). (c) P–E loops at 1 kHz under strain from 0 to 80%. (d) Pr, Pmax, and E

© 2024 The Author(s). Published by the Royal Society of Chemistry
in saturated polarization while Pr undergoes minimal changes,
thereby enhancing the relaxor behavior of the crosslinked
P(VDF-CTFE-DB).

We utilized PFM to investigate the phase and amplitude
changes of crosslinked P(VDF-CTFE-DB) under the stimuli of
positive and negative electric elds,45 conrming the excellent
piezoelectric properties of the crosslinked P(VDF-CTFE-DB) lm
(Fig. 4d–f). A 250 nm-thick lm was spin-coated on a Pt/Si
substrate, and aer crosslinking, PFM electrically conductive
probes were utilized for ferroelectric property testing. Hysteresis
and buttery curves obtained from a single scan demonstrate
the complete switching of ferroelectric domains under the
inuence of the electric eld (Fig. 4d). By applying a −10 V bias
to a 5 × 5 mm2 region, maintaining the same center, and
subsequently applying a +10 V bias to a 3 × 3 mm2 region, phase
and amplitude maps of a “box-in-box” pattern were obtained
(Fig. 4e and f), suggesting that the polarity of the ferroelectric
domains in the crystalline can be reversibly switched by applied
eld in a zone rather than only a spot. Additionally, PFM reveals
a piezoelectric coefficient of 10.7 pm V−1 (Fig. S14†), which is
a typical value for PVDF-based ferroelectric polymers.

Relaxor ferroelectricity response of crosslinked P(VDF-CTFE-
DB) under strains

A fully elastic capacitor device, utilizing liquid metal (Ga,
gallium) as elastic electrodes, was fabricated using a sacricial-
layer microfabrication method to investigate the relaxor ferro-
electric response of the crosslinked P(VDF-CTFE-DB) lm under
ture of elastic device (a) in the stretching set-up under 0 and 80% strain

c under different strains.
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various applied strains and frequencies.16 The schematic
structure of the elastic device is illustrated in Fig. 5a. The elastic
device was affixed in a custom-made single-sha tensile clamp
and gradually stretched to 80% strain, as depicted in Fig. 5b.
The test results are summarized in Fig. 5c,d.

The P–E loops of this fully elastic device (Fig. S15 and 16†)
without strain are similar to that of the rigid device with Au
electrodes, and the Pr remains almost constant throughout the
stretching process (Fig. S17–S24†). Although there is a slight
uctuation in the Pmax during stretching, the coercive electric
eld remains nearly constant within the 0–40% strain range.
However, it begins to uctuate when the strains reach 40–60%
and remain stable again in the 60–80% strain range. These
observations suggest that the RFE response of the elastic relaxor
ferroelectrics is insensitive to stress and frequency.
Intrinsic elastomer with high dielectric constants for wearable
electronics

High-dielectric-constant elastomers are crucial components in
emerging wearable electronics, such as non-volatile memory,
energy-storage devices and fully elastic circuits.46,47 The elasto-
mers for wearable electronics will undergo large strains (the
maximum up to 30–50%) at high frequencies (0.1–100 Hz),
therefore, they require high resilience (elastic recovery, fatigue
resistance), excellent electrical performance (high dielectric
constant and low loss, high break-down electric eld), and
efficient solution-processability.48 In addition, cost-
effectiveness is also a primary consideration for materials
used in wearable electronics, given their status as daily
consumables with a massive demand for consumption.
However, the properties of current intrinsic elastomers fall
short of the above requirements. For example, the dielectric
constant of the most commonly used PDMS elastomer in
wearable devices is just 2.8 at 1 kHz, and even the best dielectric
elastomers have a range of 3–8.49 Therefore, it is urgent to
develop intrinsic elastomers with high dielectric constant and
low loss, robust elastic properties at low cost.

Compared to PDMS and other reported intrinsic elastomers,
our crosslinked P(VDF-CTFE-DB) exhibits a dielectric constant
of ∼20 at 1 kHz, which is the highest value among all reported
intrinsic elastomers. The resilience of crosslinked P(VDF-CTFE-
DB) is also as excellent as PDMS and surpasses most reported
dielectric elastomers. Even compared with commercial PVDF
ternary polymer materials, our material is not only cost-effective
but also exhibits a low modulus and high resilience (Fig. S25†).
One of the most notable advantages of our cross-linked P(VDF-
CTFE-DB) is its cost, which is less than 1% of that of P(VDF-
TrFE) and PVDF-based terpolymers. Above all, the outstanding
performance of our crosslinked P(VDF-CTFE-DB) lms signi-
cantly broadens the potential application scenarios of organic
relaxor ferroelectric materials.
Conclusions

Through a successful free-radical crosslinking reaction at rela-
tively low temperatures, we have synthesized relaxor
15438 | Chem. Sci., 2024, 15, 15432–15439
ferroelectric materials exhibiting high elastic recovery while
retaining their ferroelectricity. This material features a relatively
high dielectric constant (∼22 at 100 Hz) and a low modulus
(∼10 MPa), which is the highest value among all reported
intrinsic elastomers. In addition, the superior resilience and
fatigue resistance of our elastomer is better than that of
commercial uorubbers. It demonstrates outstanding stability
in organic solvents, strong acids, and strong bases. Even under
strains as high as 80%, it maintains a stable ferroelectric
response. Our strategy provides a novel approach to the elasti-
cation of relaxor ferroelectric materials, offering a new elas-
tomer for applications in the eld of exible electronics, such as
so robotics and elastic electronic skin.
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30 G. Kyselá, I. Hudec, P. Alexy and S. Bratislava, Manufacturing
and processing of rubber, Slovak University of Technology
Press, 2010.

31 J.-B. Finlay, A. Hallenbeck and J.-D. MacLachlan, J.
Elastomers Plastics, 1978, 10, 3–16.

32 G. Kojima and H. Wachi, Rubber Chem. Technol., 1978, 51,
940–947.

33 W. Naebpetch, B. Junhasavasdikul, A. Saetung, T. Tulyapitak
and N. Nithi-Uthai, Plast., Rubber Compos., 2016, 45, 436–
444.

34 J. Wang, S. Pan, Y. Zhang and S. Guo, Polym. Test., 2017, 59,
253–261.

35 Y. Ren, X. Sun, L. Chen, Y. Li, M. Sun, X. Duan andW. Liang,
RSC Adv., 2021, 11, 6791–6797.

36 Y. Hao, J. Chen, Y. Liu, F. Wang, Q. Chen, W. Zhang,
S. Zhang, W. Chen and H. Tian, Iran. Polym. J., 2023, 32,
1271–1280.
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