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Polymer-based relaxor ferroelectrics with high dielectric constant
are pivotal in cutting-edge electronic devices, power systems, and
miniaturized pulsed electronics. The surge in flexible electronics
technology has intensified the demand for elastic ferroelectric
materials that exhibit excellent electrical properties and mechanical
resilience, particularly for wearable devices and flexible displays.
However, as an indispensable component, intrinsic elastomers
featuring high dielectric constant and outstanding resilience spe-
cifically tailored for elastic energy storage remain undeveloped.
Elastification of relaxor ferroelectric materials presents a promising
strategy to obtain high-dielectric elastomers. In this study, we
present a strain-insensitive, high elastic relaxor ferroelectric mate-
rial prepared via peroxide crosslinking of a poly(vinylidene fluoride)
(PVDF)-based copolymer at low temperature, which exhibits an
intrinsic high dielectric constant (~ 20 at 100 Hz) alongside remark-
able thermal, chemical, and mechanical stability. This relaxor ferro-
electric elastomer maintains a stable energy density (>8 J cm™3)
and energy storage efficiency (>75%) under strains ranging from 0
to 80%. This strain-insensitive, high elastic relaxor ferroelectric
elastomer holds significant potential for flexible electronic applica-
tions, offering superior performance in soft robotics, smart cloth-
ing, smart textiles, and electronic skin.
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New concepts

This paper presents a new concept of using peroxide cross-linking to
prepare intrinsic high-elasticity relaxor ferroelectric materials for elastic
energy storage. While relaxor ferroelectric materials for energy storage
have been widely studied, current research primarily focuses on BTO-
based composites, PMN-based materials, and PVDF-based terpolymers or
quaterpolymers. These materials are typically brittle or plastic, failing to
meet the elasticity demands of rapidly developing flexible electronics.
Additionally, dielectric constant and breakdown field are crucial for
energy storage materials. Some previous reports have attempted to
achieve elasticity by blending elastomers with relaxor ferroelectrics, but
this significantly increases the risk of electrical breakdown, making them
unsuitable candidates. The newly developed elastic relaxor ferroelectric
materials with high dielectric constants effectively address this issue,
offering excellent elasticity and fatigue resistance. Our study provides a
new approach to designing elastic energy storage materials, promising
advancements in flexible electronics, and expanded applications in
organic relaxor ferroelectric materials for elastic energy storage.

Introduction

Electrostatic energy storage technology based on dielectric
capacitors is renowned for its rapid charge-discharge rates
and high power density, making it ideal for applications
requiring energy delivery."* Therefore, dielectric capacitors
are widely used as passive components for electrical energy
storage and release in electronic devices, power systems, and
electric vehicles.® Biaxially oriented polypropylene (BOPP) has
garnered significant attention and usage in dielectric capaci-
tors due to its high breakdown strength and extremely low
dielectric loss (approximately 0.0002).” However, the highly
symmetrical molecular structure of BOPP results in a low
dielectric constant (2.2), limiting its discharge energy density
to a modest 2-4 J ecm > at 25 °C.® This limited energy storage
density restricts the application of BOPP in highly integrated,
high-density miniaturized electronic devices, where enhanced
energy storage capabilities are paramount.’

High dielectric-constant materials are primarily used in
capacitors and other energy storage devices.'®™** Among these,
relaxor ferroelectric materials are emerging as highly promising

This journal is © The Royal Society of Chemistry 2024
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candidates for next-generation high-performance capacitors.
This is due to their unique electrical properties, including high
dielectric permittivity, broad temperature stability, and
enhanced energy storage capability, which arise from their
disordered nanoscale ferroelectric domains that rapidly
respond to an electric field, generating polarization for efficient
energy storage and release.*”"” Energy storage in relaxor ferro-
electric materials is achieved through polarization changes
induced by an applied electric field. This process can be
quantified using the formula

Prnax
U. = [ EdP

Py
where P, and Py, are the remanent and maximum polarization,
respectively. P is the polarization, E is the applied electric field,
and U, denotes energy storage density.'® Notable examples of
such relaxor ferroelectric materials include barium titanate
(BTO)-based composites and lead magnesium niobate (PMN)-
based materials, which exhibit high dielectric constants and low
losses, making them ideal for high-density energy storage.'®?°
For instance, samarium-doped bismuth ferrite-barium titanate
(Sm-BFBT) exhibits superparamagnetic characteristics at high
temperatures, significantly reducing hysteresis losses and
enhancing its suitability for high-temperature applications."®

With the progression of flexible electronics technology, new
requirements for the mechanical elasticity of materials have
1724 1n applications such as wearable devices, flexible
displays, and bioelectronic devices, materials must not only
exhibit excellent electrical properties but also withstand various
deformations without compromising functionality. This has
driven researchers to investigate elastic dielectric materials
capable of meeting these stringent demands.>**® Qur previous
work introduced elasticity to relaxor ferroelectric materials
through chemical crosslinking, successfully merging a high
dielectric constant with exceptional mechanical elasticity. This
innovation enables the material to maintain robust ferroelectric
performance under complex deformation conditions, position-
ing elastic relaxor ferroelectric materials as strong contenders for
dielectric energy storage applications.>”*® However, challenges
remain for elastic energy storage materials, including low energy
storage density and variations in energy storage efficiency under
strain. Consequently, the development of specifically designed
for elastic energy storage has yet to be realized successfully.

To address this challenge, we focused on poly(vinylidene
fluoride-chlorotrifluoroethylene) (P(VDF-CTFE)).?**° P(VDF-
CTFE) is cost-effective and can be chemically modified in an
alkaline environment to eliminate HCl forming P(VDF-CTFE-
DB), which contains double bonds (DB) within the molecular
chain.”® This transformation of the bulky CTFE monomer into
-C=—C- bonds reduces spatial hindrance between molecular
chains, facilitating the transition of P(VDF-CTFE-DB) from a
paraelectric phase to a relaxor ferroelectric phase with enhanced
ferroelectric characteristics. In previous work, crosslinking reac-
tions typically required high temperatures,*®**'? posing a sig-
nificant risk for CMOS or organic electronic processes.**™’
Therefore, identifying a milder and more efficient crosslinking

arisen.
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method to achieve elasticity at lower temperatures was crucial.
We strategically chose benzoyl peroxide (BPO) for crosslinking
due to its lower initiation temperature (~80 °C) and high
crosslinking efficiency.>**” The high reactivity of the ~-C=C-
sites in the crosslinking material P(VDF-CTFE-DB) significantly
reduces the crosslinking reaction temperature and enhances
reaction efficiency. Additionally, triallyl isocyanurate (TAIC)
was selected as a co-crosslinking agent to further boost cross-
linking efficiency.***°

In this work, we report an intrinsically elastic relaxor ferro-
electric material prepared by peroxide crosslinking at a low
crosslinking temperature (120 °C). This material exhibits a
dielectric constant of 19.4 at 100 Hz at room temperature,
alongside exceptional elasticity and thermal, chemical, and
mechanical stability. Moreover, it maintains an energy storage
efficiency exceeding 75% at frequencies above 1000 Hz and
under strain levels ranging from 0 to 80%, demonstrating
stable storage capability under different strains (>8 J cm™* at
300 MV m ™). Compared to the widely studied BOPP which has
an energy density of 2-4 J cm ™, this new material showcases
outstanding energy density and strain-insensitive energy sto-
rage characteristics. This advancement positions it as a highly
promising candidate for next-generation energy storage appli-
cations in flexible and wearable electronics.

Results and discussion

Preparation of elastic relaxor ferroelectrics via peroxide
crosslinking

The preparation of P(VDF-CTFE-DB) was carried out according
to the previously reported method,>® with its "H NMR spectrum
in acetone-dg presented in Fig. S1 (ESIT). P(VDF-CTFE-DB) was
dissolved in acetone with a specific ratio of BPO and TAIC. The
resulting solution was either cast or spin-coated onto substrates
to form thick or thin films, respectively. After most of the
acetone evaporated in a fume hood, the blended film was
obtained by completely removing the solvent under vacuum
at 26 °C. Subsequent thermal crosslinking was conducted by
heating the film on a heating stage in ambient air to obtain the
crosslinked P(VDF-CTFE-DB).

The peroxide crosslinking mechanism is straightforward. Dur-
ing heating, the peroxide bonds in BPO undergo homolytic
cleavage, yielding alkoxyl free radicals.*® These radicals subse-
quently attack the unsaturated C—C bonds within the PVDF
(polyvinylidene fluoride)-based polymer, generating polymer free
radical intermediates. These intermediates then interact with the
allylic bonds present in the tri-functional TAIC (triallyl isocyanu-
rate), initiating the crosslinking reaction.**" This process forms a
crosslinked network that enhances the thermal stability, mechan-
ical properties, and chemical resistance of the polymer.

Crosslinking and characterization of elastic relaxor
ferroelectrics

Differential scanning calorimetry (DSC) analysis of the blended
P(VDF-CTFE-DB) films illustrated in Fig. 1(A), revealed an
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Fig. 1 Crosslinking and crystalline properties of elastic relaxor ferroelec-
tric films. (A) DSC curves of the blended P(VDF-CTFE-DB)/BPO/TAIC

during heating and cooling cycles. (B) FT-IR spectra (C) and XRD patterns
of pristine and crosslinked P(VDF-CTFE-DB).
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exothermic peak corresponding to the crosslinking reaction
within the temperature range of 80-160 °C, with a peak at
120 °C. Thermal treatment at 120 °C for one hour ensured
complete crosslinking, as evidenced by the absence of an
exothermic peak during the first heating cycle of the DSC curve
for the crosslinked P(VDF-CTFE-DB) film (see inset of Fig. 1(A)).
Consequently, this thermal treatment condition was employed
for all subsequent experiments. Further DSC testing was con-
ducted on crosslinked P(VDF-CTFE-DB) films with varying
ratios of BPO and TAIC, as shown in Fig. S2(B) and (C) (ESI¥).
The results demonstrated that the content of the crosslinking
initiator significantly impacted the melting temperature of the
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crosslinked P(VDF-CTFE-DB) film. Specifically, an increase in
the ratios of BPO and TAIC resulted in a consistent decrease in
the crystalline melting enthalpy of the crosslinked P(VDF-CTFE-
DB) film.

Crosslinked P(VDF-CTFE-DB) films exhibited notable resis-
tance to common organic solvents such as cyclohexanone,
acetone, dimethylformamide, and isophorone. After 15 days
of immersion in these solvents, the crosslinked sample dis-
played swelling behavior with a gel content of approximately
90% (Fig. S3 and Table S1, ESIY).

Furthermore, in subsequent acid-base resistance tests, no
significant volume changes were observed in the crosslinked
P(VDF-CTFE-DB) films after two weeks of immersion in con-
centrated sulfuric acid and saturated sodium hydroxide aqu-
eous solution, respectively (Fig. S4, ESIT). The crosslinked films
also demonstrated excellent thermal stability, with a decom-
position temperature (Tysq,) exceeding 367 °C, as evidenced by
the thermogravimetric analysis curve (Fig. S5, ESIt).

Fourier-transform infrared spectroscopy (FT-IR) and X-ray
diffraction (XRD) were employed to verify the crystalline structure
in both pristine and crosslinked P(VDF-CTFE-DB) films, as
depicted in Fig. 1(B) and (C). 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 ™" (Fig. 1(B)). The phase content
analysis of P(VDF-CTFE-DB) before and after crosslinking was
conducted with reference to previous studies.*>** The identifi-
cation of existing phases was based on the appearance of specific
characteristic bands (listed in Table S2, ESIt), followed by calcula-
tions using specific equations depending on whether the sample
contained o- and B-phases or o- and y-phases. Further details are
provided in Supplementary Note (ESIt). After crosslinking, the
content of the o-phase (764 cm™ ') increased from 14.7% to
47.48%, and the B-phase (840 cm™ ") rose from nearly 0 to
52.52%. The X-ray diffraction (XRD) analysis (Fig. 1(C)) also clearly
shows changes in the crystalline phases of the films before and
after crosslinking. Although the crystallinity of the films decreased
after crosslinking, leading to reduced diffraction peak intensity,
the B-phase diffraction peak at 19.2° remains visible.

Mechanical properties of elastic relaxor ferroelectrics

Stress-strain tests were conducted on crosslinked P(VDF-CTFE-
DB) films with varying ratios of BPO and TAIC, as depicted in
Fig. 2. For BPO ratios below 4%, the stress-strain curves
exhibited a distinct yielding point, indicating that the pristine
and lightly crosslinked P(VDF-TrFE-DB) still retained plastic
deformation characteristics (Fig. 2(A) and Fig. S6, ESIf).
In contrast, when the ratio of BPO exceeded 4%, no yielding
point was observed. Notably, as the crosslinking density
increased, the Young’s modulus and elongation at break of
the crosslinked samples decreased sharply (Fig. 2(B)). A com-
parison of the cyclic performance of samples with 12% and
18% BPO ratios, which exhibited similar Young’s moduli, is
shown in Fig. S7 (ESIt). It was found that the sample with 12%
BPO displayed superior recovery performance under larger
tensile cycles. Therefore, considering the desirable attributes

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Mechanical properties of elastic relaxor ferroelectrics films. (A) Stress—strain curves of crosslinked P(VDF-CTFE-DB) films at various BPO ratios. (B)
Young's modulus and elongation at break of crosslinked P(VDF-CTFE-DB) films with different BPO ratios. (C) Cyclic stress—strain curves of crosslinked
P(VDF-CTFE-DB) films with a BPO ratio of 12% and pristine P(VDF-CTFE-DB) films (inset) under different strains (the first cycle is omitted owing to clamp
sliding and the X-axis is shifted for clarity). (D) Fatigue resistance of crosslinked P(VDF-CTFE-DB) film with a BPO ratio of 12% under 50% strain, compared

to that of a commercial fluorubber P(VDF-HFP) (DAI-EL, G-801).

of low Young’s modulus, high elastic recovery, and high crystal-
linity (Fig. S2D, ESIY) for elastic polymer ferroelectrics, the cross-
linked P(VDF-CTFE-DB) with a BPO ratio of 12% was selected as
the optimized sample for all subsequent experiments.

The elastic recovery of the crosslinked P(VDF-CTFE-DB) was
evaluated through cyclic stress-strain measurements under
strains ranging from 45 to 75% (5 cycles in Fig. 2(C) and over
3000 cycles under 50% strain as shown in Fig. 2(D)). Compared
to the pristine P(VDF-CTFE-DB) samples (inset of Fig. 2(C)), the
crosslinked films exhibited excellent elastic recovery. During the
initial cycles, the recovery exceeded 95%, and after 600 cycles of
stretching and releasing, the elastic recovery remained stable,
exceeding 90% without significant decline. Compared to com-
mercial fluororubber, the crosslinked P(VDF-CTFE-DB) film
exhibited superior fatigue resistance and higher recovery ratios.
The elasticity of crosslinked P(VDF-CTFE-DB) was attributed to
entropy elasticity rather than energy elasticity, as estimated by
the “force-temperature” curve of crosslinked P(VDF-CTFE-DB)
under different strains (Fig. S8, ESIT). These results affirm that
the intrinsic elasticity of polymer relaxor ferroelectrics can be
obtained through peroxide crosslinking at a low temperature.

This journal is © The Royal Society of Chemistry 2024

Relaxor ferroelectricity of crosslinked P(VDF-CTFE-DB)

To confirm the relaxor ferroelectric behavior of the crosslinked
P(VDF-TrFE-CFE) film, we conducted comprehensive character-
izations utilizing polarization-electric field (P-E) loops,
temperature-dependent dielectric constant (¢-7) curves, and
piezoresponse force microscopy (PFM). The P-E and ¢-T tests
were conducted using a capacitor configuration, transforming
the capacitance into polarization or dielectric constants. The
results are illustrated in Fig. 3.

A capacitor-type device was fabricated to measure the &-T
curves of both pristine and crosslinked P(VDF-CTFE-DB) films.
The &-T curves of crosslinked P(VDF-CTFE-DB) are shown in
Fig. 3(A). Compared to the pristine P(VDF-CTFE-DB) (Fig. S9,
ESIt), the crosslinked film exhibits a broader ferroelectric-to-
paraelectric (F-P) transition temperature range and a higher
dielectric constant of 19.4 at 100 mHz under room temperature.
Additionally, the Curie temperature (7;) shifts to higher tempera-
tures with increasing frequency, indicating the presence of relaxa-
tion behavior in the crosslinked P(VDF-CTFE-DB). The P-E loops
of crosslinked P(VDF-CTFE-DB) were obtained using a sandwich
structure device (Au/crosslinked-P(VDF-CTFE-DB)/Au/Si). As
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Fig. 3 Ferroelectric properties of crosslinked P(VDF-CTFE-DB) films. (A) Temperature-dependent ¢ and dielectric loss of crosslinked P(VDF-TrFE-DB)
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shown in Fig. 3(B), the loops exhibited low rectangularity, and
appeared slender, which is a typical feature of a relaxor ferro-
electric material. As the applied electric field increases, the initial
hysteresis maintains its slender shape, characterized by a signifi-
cantly large ratio between P, and P,, resulting in lower rectan-
gularity. At 1 kHz and 500 MV m™ ', the P, and P; of the
crosslinked P(VDF-CTFE-DB) film are 8.2 and 1.05 pC cm 2,
respectively. In comparison, the pristine P(VDF-CTFE-DB) exhibits
Ppax and P, values of 3.32 and 0.52 uC cm™2 at 280 MV m ™' and
1 kHz, respectively (Fig. S10A, ESIT). The coercive field (E.) of
crosslinked P(VDF-CTFE-DB) is approximately 47 MV m™". The P,
of the crosslinked P(VDF-CTFE-DB) increases from 0.46 to
2.13 pC em 2 across test frequencies ranging from 10 kHz to
100 Hz (Fig. 3(C)). Compared to pristine P(VDF-CTFE-DB) (Fig.
S10B, ESIY), the crosslinked P(VDF-CTFE-DB) film exhibits more
pronounced relaxor behavior due to the more condensed network
introduced by peroxide crosslinking, which further breaks down
the crystalline domains.

PFM was used to evaluate the piezoelectric properties of the
crosslinked P(VDF-CTFE-DB) films. This technique enabled the
visualization of local polarization domains and provided quanti-
tative data on the piezoelectric coefficients. The crosslinked
P(VDF-CTFE-DB) films exhibited enhanced piezoelectric responses
compared to the pristine samples (Fig. S11, ESIT), confirming the
improved ferroelectric relaxor behavior (Fig. 3(D)—(F)). The hyster-
esis and butterfly curves obtained from a single scan demonstrate
the complete switching of ferroelectric domains under the influ-
ence of an electric field (Fig. 3(D)).

By applying a +10 V bias to a 5 x 5 um® region, followed by a
—10 V bias to a 3 x 3 um?® region, and finally a +10 V bias to
a1 x 1 um® region, phase and amplitude maps of a “box in box
in box” pattern were obtained (Fig. 3(E) and (F)). This pattern
suggests that the polarity of the ferroelectric domains in the

6154 | Mater. Horiz., 2024, 1, 6150-6157

crystalline structure can be reversibly switched by an applied
field in a defined area rather than just at a single point.
Additionally, PFM revealed a piezoelectric coefficient of
11.57 pm V' (Fig. S12, ESIY), indicating well piezoelectric per-
formance. Relaxor ferroelectricity response and energy storage
characteristics of crosslinked P(VDF-CTFE-DB) under strain.

To evaluate the relaxor ferroelectric response and energy
storage properties of crosslinked-P(VDF-CTFE-DB) films under
strain, we fabricated a fully elastic capacitive ferroelectric
device as shown in Fig. 4(A). Flexible interdigitated electrodes
were prepared using liquid metal gallium mixed with gallium
oxide, with PDMS serving as the elastic substrate, and cross-
linked P(VDF-CTFE-DB) films acting as the intermediate dielec-
tric layer. The elastic device was affixed in a custom-made
single-shaft tensile clamp and gradually stretched to 80%
strain, as depicted in Fig. 4(B). The test results are summarized
in Fig. 4(C)-(H). The P-E loops of this fully elastic device (Fig.
S13, ESIf and Fig. 4(C)) without strain are comparable to those
of the rigid device with Au electrodes. Additionally, without
strain, as the frequency increases (from 100 Hz to 10 kHz), the
Ppax and P; of the crosslinked film slightly decrease. The energy
storage density and efficiency were calculated at different
frequencies, showing that the energy storage efficiency
increases from 32.9% at 100 Hz to 90.7% at 10 kHz, while
the energy storage density shows a minor decline, from 7.6 to
6.0 J em > at 300 MV m ™. These results indicate good energy
storage density and efficiency at frequencies of 1000 Hz and
above (Fig. 4(D) and (E)).

The P.x and P, remain almost constant throughout the
stretching process (Fig. 4(F), (G) and Fig. S14-S21, ESIt), which
forms the basis for its strain insensitivity as an energy storage
material. The energy storage density and efficiency were calcu-
lated under different strains (0-80%) at 330 MV m ™', and the

This journal is © The Royal Society of Chemistry 2024
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energy storage efficiency remained above 75%, maintaining a
high energy storage density (>8.0 J cm™®) (Fig. 4(H)). Tradi-
tional PVDF and its copolymers usually exhibit changes in
crystal structure under tensile strain.*>*®> However, due to the
stress dispersion provided by the crosslinked network, the
crystalline structure remains stable during stretching, resulting
in consistent electrical performance.

To ensure the reliability of energy storage, we conducted
electrical breakdown tests on the films before and after cross-
linking. Aluminum electrodes with a diameter of 3 mm were
deposited on the surface of the 10 um thick films, and DC
voltage was used for the electrical breakdown tests, as shown in
Fig. S22 (ESIf). The breakdown strength of the crosslinked
films significantly improved, with the pristine P(VDF-CTFE-
DB) film exhibiting a breakdown field of 202 MV m™ " at a
63.2% breakdown probability, and the crosslinked P(VDF-
CTFE-DB) film showing an increased breakdown field of
255 MV m™ .

Compared to the breakdown field observed during P-E loop
testing, the electric breakdown tests on the 10 um thick films
likely include more film defects and consider factors such as
the edge effects of the electric field due to the larger electrode
size, which generally results in a lower measured breakdown

This journal is © The Royal Society of Chemistry 2024

field. Consequently, we calculated the energy storage density
and efficiency under different strains at a test field of
230 MV m ' (Fig. S23, ESI{). The energy storage efficiency
consistently remained above 80%, with energy storage density
always exceeding 4.5 J cm>. This demonstrates the reliability
of our testing and calculation of energy storage efficiency and
density are reliable when miniaturizing the device.

Relaxor ferroelectricity response and energy storage
characteristics of crosslinked P(VDF-CTFE-DB) under strain

Elastic relaxor ferroelectric elastomers, with high dielectric
constant, low modulus, and strain-insensitive energy storage
properties, could potentially be highly suitable for applications
in the field of elastic electronics. These materials could revo-
lutionize soft robotics by providing flexible, lightweight, and
efficient power sources that facilitate versatile movements and
operations without compromising flexibility. Integrating strain-
insensitive elastic dielectric energy storage materials into soft
robots could ensure that they possess the necessary energy to
operate effectively. Looking ahead, smart clothing and textiles
stand to benefit significantly from these materials. Embedding
elastic dielectric energy storage materials into fabrics could
power embedded sensors, heating elements, and electronic
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devices, enabling wearable health monitoring, environmental
sensing, and self-heating functionalities. Additionally, next-
generation display technologies, such as flexible and rollable
OLED displays, could utilize these materials to maintain a
continuous power supply during bending and unfolding. This
advancement would ensure that displays remain functional
and reliable, even under significant physical deformation.

Conclusions

We successfully developed a highly elastic relaxor ferroelectric
material using peroxide crosslinking reactions, which maintains
a stable ferroelectric response under strains of up to 80%. The
crosslinked P(VDF-CTFE-DB) features a relatively high dielectric
constant (~20 at 100 Hz) and a low modulus (<10 MPa), along
with superior fatigue resistance compared to commercial fluor-
oelastomers, as well as excellent thermal and chemical stability.
Due to its remarkable strain-insensitive ferroelectric response,
high dielectric constant, and high elasticity, it maintains an
energy density above 8 J cm ™ and an energy storage efficiency of
over 75% under strains up to 80%. These results position the
elastic relaxor ferroelectric as a promising candidate for elastic
energy storage applications. Our strategy offers a novel approach
to the elastification of relaxor ferroelectric materials, providing a
new high-dielectric elastomer for applications in flexible electro-
nics, such as soft robotics, smart clothing, smart textiles, and
electronic skin.

Experimental section

A detailed Experimental section can be found in the ESL¥
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