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Abstract

As multifunctional electroactive materials, ferroelectric polymers are unique owing to their exceptionally high dielectric strength (>600 MV/m),
high flexibility, and easy and low-temperature fabrication into required shapes. Although polyvinylidene difluoride (PVDF)-based ferroelectric
polymers have been known for several decades, recent findings reveal the potential of this class of electroactive polymers (EAPS) to achieve
giant electroactive responses by tuning the molecular, nano, and meso-structures. This paper presents these advances, including giant elec-
trocaloric effect, giant electroactuation, and large, hysteresis-free polarization response. New developments in materials benefit applications,
such as environmentally benign and potentially highly energy-efficient electrical field controlled solid-state refrigeration, artificial muscles, and
high-energy and power density electric energy storage devices. The challenges in developing these materials to realize these applications, and
strategies to further improve the responses of EAPs will be also discussed.

Introduction

Ferroelectricity was first observed in inorganics (Rochelle salt)
by Valasek in 1920.1 After the humble beginnings extending
approximately to the World War II, when only a handful of fer-
roelectrics were known, there was an explosion of new materi-
als and applications first in inorganic and later polymeric
materials. Interests in these materials have not abated, and sev-
eral major areas of their usage are outlined in this paper which
emphasizes recent developments in ferroelectric polymers for
energy storage, cooling, and artificial muscles.

The intrinsic symmetry of the ferroelectric material enables
not only ferroelectricity, which is associated with a spontaneous
electric polarization in a material that can be switched by an elec-
tric field, but also coexisting piezoelectricity and pyroelectricity,
which are the electro-mechanical energy conversion and electro-
thermal energy conversion processes, respectively, as is illus-
trated in Fig. 1(a). Ferroelectricity in polymers was discovered
much later in 1970s in the polyvinylidene difluoride (PVDF)
homopolymer and later in PVDF-based copolymers such as
P(VDF-TrFE) [TrFE, (trifluoroethylene)].” These multifunc-
tional electroactive polymers (EAPs),*) which are flexible and
lightweight, and can be easily processed into different shapes by
room temperature (RT) or low-temperature fabrication methods,
have attracted a great deal of public attention and been employed
and investigated for a broad range of applications, including
strain/stress sensors, transducers for ship navigations (Sonar)

and medical imaging, infrared (IR)-sensors, energy harvesting,
and high-density memory devices, just to name a few.[*'*
Figure 1(b) depicts the unit-cell structures of PVDF o- and
B-phases (the ferroelectric phase).!'*) Figure 1(c) is the polarization
hysteresis loop from the P(VDF-TrFE) 65/35 mol% copolymer.
Our daily experiences have taught us that polymers can
withstand large strains without breaking (tuber band). Besides
a high spontaneous polarization [see Fig. 1(c), where P >
0.1 C/m?], ferroelectric polymers also intrinsically have a
high dielectric strength (dielectric breakdown fields >600
MV/m). As will be shown in this paper, these features can be
utilized to develop PVDF-based ferroelectric polymers, by
modifying the molecular and nanostructures, that: (i) exhibit
giant electrocaloric effect (ECE), i.e., an electric field-induced
temperature change of more than 30 °C in bulk materials.!'**¢]
A few years ago, no-one would image that applying an electric
pulse can induce appreciable cooling in polymers, which we
observed recently by properly engineering the nano- and meso-
polarization coupling in the ferroelectric PVDF-based poly-
mers. (i) Generate electrostrictive strains more than order of
magnitude higher than in ferroelectric ceramics. The capability
of large shape change induced electrically in certain classes of
EAPs, mimicking the biological muscles, has gained them the
name of “artificial muscles”.!"”! And (iii) ultra-high electric en-
ergy storage density capability with fast charge/discharge
speed, thus attractive for applications such as in hybrid electric
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Figure 1. (a) A schematic illustrating the multifunctional couplings in the ferroelectric EAPs. (b) Schematic illustration of unit-cell structures of a- and g-phases
of PVDF. (c) D-E loops for P(VDF-TrFE) (blue lines) and P(VDF-TrFE-CFE) (red lines) measured at 10 Hz. (d) Dielectric constant (permittivity) of P(VDF-TrFE-

CFE) versus temperature and frequency.

vehicles (HEV), medical deliberators, pulse-forming networks,
and switching-mode power supplies.!'® 2!

These multifunctional EAPs in which more than one prop-
erty can be tuned by electric signals are particularly interesting
considering the fact that they can be easily fabricated, making
use of the three-dimensional (3D) printing technology, into dif-
ferent shapes in a single material system that contains many
functionalities to meet the ever increasing demand for flexible,
wearable, highly mobile, and biocompatible compact electroac-
tive devices.

Giant ECE in modified ferroelectric
PVDF-based polymers

The pyroelectric effect and ECE are related through Maxwell’s
equations for the ferroelectric PVDF-based polymers.
Although the pyroelectric effect,
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has been widely studied for PVDF-based ferroelectric polymers
because of their potential applications for IR-sensors, the very
small ECE, <1 °C electric field-induced temperature change,
renders them not attractive for practical cooling devices. In
2004, based on the Landau—Devonshire theoretical analysis,
Zhang et al. predicted a large ECE in ferroelectric PVDF-
based polymers.**! The free energy G of a ferroelectric material
in the thermodynamic Landau—Devonshire theory in stress-free
condition,!

G=Gy+1/2aP> +1/4bP* +1/6cP° —EP, (2)

where Gy is the free energy of the non-ferroelectric phase, P is
the polarization, and E is the electric field. For most normal
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ferroelectrics, a = (T — T.), where b, ¢, B, and T, are constants.
From AS = —(0G/0T)g, the isothermal entropy change AS due to
the spontaneous polarization change is

AS = —1/2 BP. 3)
From AQ = CgAT = TAS, the adiabatic temperature change is
AT =1/2 T BP?*/cg, “)

where cg is the specific heat. For the P(VDF-TrFE) 65/35 mol%
ferroelectric polymers, relevant parameters are S=3.5x 10 J/
mK/C?, P=0.1 C/m?, yielding a AS=—96 J/kg K. Taking the
FE-PE transition of 100 °C and the specific heat of cg=1.4 x
10% J/kg K, AT=26 °C is estimated. This estimation suggests a
giant ECE in ferroelectric PVDF-based polymers when operat-
ing near the FE-PE transition. Moreover, based on the

Maxwell equation,
as oP
—) =(=] . 5)
oE) ¢ T )

Zhang et al. further suggested in 2004 that the relaxor ferro-
electric polymers, may also exhibit a giant ECE near RT.[*?)

These predictions have been verified by a series experiments
starting from 2008.1'*2>733] A5 presented in Fig. 2(a), an electric
field-induced temperature change of nearly 30 °C has been ob-
tained in the P(VDF-TrFE) 65/35 mol% copolymer, modified
by high-energy electron irradiation.®¥ In addition, the giant
ECE exhibits a unique temperature-independent behavior across
a useful temperature range spanning the RT in Fig. 2(b).**-%

Figure 3(a) illustrated the general principle of ECE in a
dipolar material, which shows that the ECE is determined by
the dipolar state entropy differences between the dipolar-
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ordered phases under respective electric fields,
T
AT = C—E[Sp(O, T) = Sp(E, 1], (6)

where S;(0,7) is the dipolar entropy when E=0, and S,(E,T)
corresponds to the entropy of a dipole-aligned state when E
is applied. Pirc et al. derived the saturation AT in a dipolar
material®>):

TnQ) ,

ATy =———P
sat 38()®C s (7)

where Pg is the saturation polarization, Q is the configuration
number (number of polar entities), C is the specific heat, g, is
the vacuum permittivity and O is the effective Curie constant.
Therefore, the development of polar-dielectrics with a large
Q as well as a small © is highly desirable, especially if P
can be kept unchanged. In relaxor ferroelectrics, breaking of
translational symmetry by defect modification of periodic lat-
tice can lead to a larger numbers of local states and hence
may increase Q compared with its normal ferroelectric counter-
part. In ferroelectrics, ® is directly related to the polar-
correlation length and the presence of random defect-mediated
fields. In particular, relaxor ferroelectrics have much smaller
polar regions compared with normal ferroelectrics. These con-
siderations suggest that relaxor and highly disordered ferroelec-
trics may exhibit larger ECE than conventional ferroelectrics.
Besides large ECE, defect modulation de-stabilizes ferroelec-
tric phase thus the ferroelectric—paraelectric (FE-PE) transition
induced large ECE can be achieved in a much wider tempera-
ture range as shown in Fig. 2(b). For a P(VDF-TrFE-CFE)
59.2/33.6/7.2 mol%, relaxor ferroelectric terpolymer, the ECE
response is nearly temperature independent from 0 to 45 °C,
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Figure 2. EC performances in defect-modulated ferroelectric polymer. (a) EC temperature drop is reaching 27 K under AE=180 MV/m, in irradiated ferroelectric
polymer P(VDF-TrFE) 65/35. (b) EC performance in P(VDF-TrFE-CFE) shows temperature-independent behavior.
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Figure 3. (a) A schematic illustration of dipolar ordered to disordered transition that is electrically tunable. (b) ICP that brings multiphases as coexistence states.
Reprinted with permission from Ref. 37. Copyright [2012], AIP Publishing LLC (c) AT of nanocomposites (BST as the nanofilers) under 75 MV/m and
comparison with the terpolymer matrix, (d) AT of nanocomposites under different electric fields and comparison with the terpolymer. Adapted with permission

from Ref. 41, Copyright (c) [2015] John Wiley and Sons Inc.

which is in sharp contrast to that in normal ferroelectrics where
ECE peaks at the FE-PE transition and displays strong temper-
ature dependence.?**®! Such temperature independent ECE is
attractive for practical cooling device applications. These re-
sults reveal the intricate roles played by the defects in tailoring
the ferroelectric response and its nano-polar domains to gener-
ate large ECE and its temperature dependence.

As shown in Eq. (7), the dipolar entropy is a function of the
number of polar entities, SxIn(€2). One approach to signifi-
cantly increase the number of polar entities, as suggested by
a recent theoretical study by Liu et al., is to operate the ferro-
electric material near an invariant critical point where multi-
phases [more than two phases, as illustrated in Fig. 3(b)]
coexist (in contrast to the two phases coexistence near the nor-
mal critical point).*”! Correlated experimental demonstration
has been reported in inorganic material near the invariant crit-
ical point (ICP) where both ECE and EC coefficients were
markedly improved.®®*] In PVDF-based polymers, besides
the ferroelectric S-phase, there are also other phases reported
such as a-, ¥, and 6 phases, as well as the so-called the
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low-temperature phase for P(VDF-TrFE) copolymers at com-
positions below 65/35 mol%. How to design molecular,
nano-, and meso-structures to realize the multiphases coexis-
tence and a possible ICP will be an interesting research direc-
tion to pursue.

Polymer nanocomposites, which mix two or more types of
dissimilar materials, offer the possibility in achieving states
with larger number of coexisting phases and near-ICP ECE
behavior. Moreover, the interfacial regions could generate addi-
tional ECE through interfacial effects, i.e., the total entropy chan-
ge AS of a biphasic composite (with two different materials) is

AS = fiAS1 + (1 — /i) AS, + ASiyy, ®)
where f; is the volume fraction of the first constituent and AS;,
represents the contribution from the interface. In fact, nanocom-
posites have significantly expanded capabilities and functionali-
ties far beyond these achievable in single component
materials.[*” Recently Zhang et al. reported a ternary nanocom-
posites containing P(VDF-TrFE-CFE) (62.3/29.9/7.8 mol%) as
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polymer matrix, Bag 6751 337105 (BST67) as active EC ceramic
nanofiller which has FE transition at 27 °C, and boron nitride
nanosheets, to enhance ECE, breakdown strength £}, and thermal
conductivity.*'! As shown in Figs. 3(c) and 3(d), the ternary
nanocomposite with enhanced material properties is expected
to reach higher cooling power density (27 W/em®) owing to
higher allowable operating frequency of the cooling devices,
as shown in the finite-element simulation of a simple heat
pump with regeneration process.l**** Interestingly, mixtures
of relaxor P(VDF-TrFE—CFE) and ferroelectric P(VDF-TrFE)
also exhibit strong modulation in ECE and E},. When the concen-
tration of ferroelectric phase is small (<10 wt%), the blends will
be dominated by the terpolymer thus the blends show large ECE
at RT. In addition, interfaces between random relaxor and or-
dered ferroelectric phases generate additional polarization contri-
bution, which contributes to ECE as it is indeed observed in
those blends at RT.[*44]

To design a refrigerator with continuing cooling capability,
people realized early on that EC refrigerator should be designed
as a heat pump.**>] Regeneration processes are commonly
used in EC cooling devices to improve the device’s performance.
Both fluid and solid regenerators have been employed to facilitate
thermal energy harvesting and cooling.”®*>® Sinyavsky and
Brodyansky[5 1" demonstrated a Topan=5K (Tgpan=Th— T,
where T}, and T, are the hot and cold ends temperature, respec-
tively) across a 55 mm EC refrigerator which was about twice
of AT (the adiabatic temperature change) of the EC material.
Gu et al. reported that by employing a solid plate with anisotropic
thermal conductivity as a regenerator, an EC polymer-based
cooling device with a Tgp,, of more than 6 K was demonstrated
across a 20 mm long EC refrigerator with about 2.5 K adiabatic
temperature change of the EC element.74%]

Although external regenerators have been widely utilized in
refrigerator designs in both magnetocaloric and electrocaloric
(EC) coolers, the irreversible heat loss introduced by the exter-
nal regenerators dramatically reduces device performances.
More recently, an EC cooler without external regenerator was
proposed to reach higher cooling power and efficiency.!**!
The self-regenerative cooling device is operating with two
rings contacting each other and rotating in opposite directions,
as shown in Fig. 4(a). With effective regenerative process, tem-
perature span Ty, between the hot end and cold end of a cool-
ing device can be effectively widened compared with the EC
temperature drop of the EC material solely [Fig. 4(b)]. Wide
operating temperature span T,y is highly desired for practical
cooling devices. To evaluate the refrigerating performance of a
heat pump, cooling power, and coefficient of performance
(COP) are considered as two key parameters, former for cool-
ing capability and later for efficiency, respectively. High cool-
ing power requires large EC response, including AS and A7,
and high operating frequency. The COP is defined as COP =
Qc/W, where Qc is the energy absorbed as the cold end of
the device and W is the input work.

There are many challenges in realizing practical EC refrigera-
tion, including further improving EC polymer’s performance.
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Figure 4. (a) A schematic illustration of a solid state EC cooler, which
exhibits a high cooling power density and COP. The self-regenerative
operation contains two rings of EC modules rotating in opposite directions.
(b) The numerical simulation result of the performances of the EC cooler with
different EC module thickness. The material properties of EC modules are
chosen from EC polymer P(VDF-TrFE-CFE). Reprinted with permission from
Ref. 43. Copyright [2014], AIP Publishing LLC.

Dielectric loss, which is shown as the hysteresis loop area in D-E
loops, generates excessive heat that may dramatically reduce the
COP of'the EC refrigerator. How to enhance dipolar entropy change
without simultaneously inducing additional dielectric loss remains
a challenge. As one would normally find, P(VDF-TrFE-CFE)
exhibits larger ECE, but it also shows larger double hysteresis
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loops compared with P[VDF-TrFE—chlorotrifluoroethylene
(CTFE), which exhibits smaller ECE, but with the slimmer hys-
teresis.°? Larger dipolar response, which is needed for generat-
ing large ECE, is at the cost of losing pinning effect of chemical
bonds, causing broader hysteresis loops. In addition, for certain
applications, such as biomedical and on-chip cooling, small
voltage is desirable because of the safety and reliability issues.
Enhancement of ECE at lower field, such as 50-80 MV/m is
thus highly desired. Several approaches may be employed to
address above considerations. Stretching a RFE polymer may
enhance the crystallinity and promote ordering in a zero-field sce-
nario. It has been proved that at high field (100 MV/m), the stretch-
ing would cause ECE to behave in a more temperature-dependent
manor. However, at relatively lower field (50 MV/m), the ECE is
expected to be larger in stretched films compared with non-
stretched ones. The enhancement may originate from the partially
ordered zero-field state which behaves as if the film been subjected
to an internal field that would effectively improve the low-field per-
formance of ECE. Introducing multi-caloric effect may also
enhance the ECE. It has been reported theoretically that, by utiliz-
ing an external strain, ECE can be strongly enhanced.®”! On the
other hand, ECE improvement should not be limited to pursuing
larger effect. Since ECE is a reversible temperature/entropy change
under electric field, the nature of ECE limits the ECE-based refrig-
eration to heat pump operation. It is very interesting to ask whether
ECE polymer can cool under an electric pulse without generating
any subsequent heating. For certain application such as on-chip
hotspot cooling and potential biomedical applications, such instant
cooling capability is highly demanded.[®"-* Hence, how to design
the ferroelectric polymer structure in various scales to achieve such
instant cooling would be an interesting research field with signifi-
cant value for both academia and industry.

Electromechanical coupling in
PVDF-based ferroelectric polymers
Among all electroactive responses, ferroelectric polymers have
long been sought for use as artificial muscles, which would ex-
hibit a large shape change induced electrically. PVDF homo-
polymer and its copolymer P(VDF-TrFE), owing to large
electronegativity differences for constituent species and suit-
able atomic size, exhibit large dipole moment (2 Debye per
unit cell) in all-trans conformations known as S-phase, >4
leading to a ferroelectric phase that can be characterized by fer-
roelectric hysteresis loop as shown in Fig. 1(c). In the ferroelec-
tric phase, applying an electric field induces a polarization
change and correspondingly, the piezoelectric response. It is
apparent that the small piezoelectric strain, which is about
0.1% even under 100 MV/m electric field, is too small to be
practical for artificial muscles, not to mention many other appli-
cations where large electroactuations, which are orders of mag-
nitude higher than the piezoelectric strain, are desired. The
electrostriction associated with a large polarization change in
the ferroelectric polymers may provide a solution to this chal-
lenge. As an example, Fig. 1(b) compares the crystal structures
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of the -, which has trans-gauche (TGTG’) bonds, and f-,
which has all-trans bonds, phases. In phase transformation be-
tween the - and B-phases, besides a polarization change, there
is also the possibility of a large accompanying strain, due to the
large differences in the unit-cell dimensions. This is the molec-
ular origin of the large electrostriction in these ferroelectric
polymers. The ferroelectric phase of PVDF-based polymers
has the S-crystal structure and the paraelectric phase that can
be regarded as a mixture of TGTG’ molecular conformation
and TG;TGs" molecular conformation. Hence one would ex-
pect a large strain generated as the polymer transitions between
the FE and PE phases, which was indeed observed. The impli-
cation of this observation is that by applying an electric field to
induce a FE-PE transition (on the PE phase side), a large elec-
troactuation (~10% strain) could be achieved in PVDF-based
polymers when measured along the polymer chain direction.
An electrostrictive strain associated with FE-PE transition is
limited near the transition temperature that is normally away
from RT. How to achieve the large strain effect at a wider tem-
perature span and covering the RT is therefore important for
many practical applications. In late 1990s and early 2000s,
Zhang et al. showed that by defects modification,'®>7®! nano-
sized polar domain can be formed in the ferroelectric polymer
to convert the material into a relaxor ferroelectric, as seen in
Fig. 1(c) which is a near hysteresis-free polarization loop at
RT measured from a relaxor ferroelectric P(VDF-TrFE-CFE)
terpolymer. These relaxor ferroelectric polymers exhibit a
large electrostriction [see Fig. 5(a)]. There are typically two ap-
proaches to introduce defects into the ferroelectric P(VDF-
TrFE) copolymer to convert it into a relaxor ferroelectric: (i)
Irradiation of the copolymer with high-energy electrons or

Electric field off Electric field on

Electric field on

Electric field off

[ V]

(b) J___

Figure 5. Schematics illustration of (a) electrostriction and (b) Maxwell
stress effect.
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protons.'®> ¥ (i) Copolymerizing the polymer with a third
monomer which is bulkier than VDF and TrFE, such as chlor-
ofluoroethylene (CFE), chlorotrifluoroethylene (CTFE), or
hexafluoropropylene (HFP).[6%:¢971.76-801 The high-energy ir-
radiation or additional bulky monomer in the ferroelectric
P(VDF-TrFE) reduces the size of polar-domains which de-
stabilizes the ferroelectric phase and stabilizes a more disor-
dered phase covering a much wider temperature range of useful
strain actuation. As a result, relaxor ferroelectric polymers ex-
hibit very little ferroelectric hysteresis [Fig. 1(c)] and high di-
electric constant covering RT, as shown in Fig. 1(d).

In general, the electrostriction, which exists in all dielectrics,
originates from the rearrangement or creation of dipoles with
respect to the external electric field. As was well summarized
by Cheng et al., strains induced by electrostriction are related
to the electric polarization as!'"):

x = QP* = Qel(k — 1’ E?, )

where x is the strain, Q is the electrostrictive coefficient, P is the
polarization, & is the vacuum permittivity, and « is the relative
permittivity. In Eq. (9), we assumed that the ferroelectric poly-
mer is a linear dielectric, for the sake of comparison with the
Maxwell stress-induced actuation, which will be discussed
later. The large electrostrictive strain (>5% along the polymer
chain direction) plus the high elastic modulus (~500 MPa) gen-
erate a high elastic energy density, which is a measure of the
strain and stress generation capability of an actuator material.

A two end-supported unimorph diaphragm actuator utilizing
electrostrictive polymer has been developed capable of a dis-
placement of nearly 50 um [see Fig. 6(a)].l®"! The diaphragm
actuator has been used in a microfluidic pump with its image
shown in Fig. 6(b).'*?! The microfluidic pump was made by in-
tegrating the unimorph diaphragm micro-actuator with a noz-
zle/diffuser to form a fluidic mechanical-diode structure. The
flow rate increases linearly with frequency and reaches
25 mL/m (at 63 Hz with a back pressure of 350 Pa) for a
2 mm size pump. A simple analysis indicates that by increasing
the diaphragm thickness and reducing the external fluid channel
length, the operation frequency, as well as the pumping speed
can be increased. The required voltage to drive the diaphragm
actuator (under 71 MV/m) for desired performance can be sig-
nificantly reduced by using multilayer configuration in which
each electrostrictive layer thickness is in the range of 1 um,
as has been demonstrated by Choi et al. [Fig. 6(d)]**5%

The electroactuation can be enhanced by introducing large
dipole moment functional groups into a polymer that can be re-
oriented by external electric field. A P(VDF-TrEF) based elec-
trostrictive graft elastomer (G-elastomer) was developed in
1999 by Su et al.,® showing high electrical field induced strain
(~4%) and mechanical modulus (>750 MPa). Combination of
these two essential properties makes the G-elastomer a promising
electromechanically functional material for advanced actuators.
A bi-layer actuator using G-elastomers has been developed, ¢!
offering bending actuation either in one direction or in two

directions to meet the needs in applications. The bending actua-
tion performance of the actuator has been evaluated in a bench-
top wind tunnel for potential aerospace applications (such as
morphing aircraft). Figure 6(c) presents the actuation perfor-
mance of the bending actuators.

A core-free rolled actuator using P(VDF-TrFE-CFE) elec-
trostrictive terpolymer thin film is another promising actuator
example.’®”! The actuator can generate up to 4% induced strain
along the axial direction. For example, a 2.5 cm long actuator
can generate 1 mm displacement. The size of the actuator is
scalable based on the width and length of available films and
the number of layers. One application of the cylinder actuators
is for the refreshable Braille Display. By combinations of actu-
ations from these actuators, the cell can display all the letters
required for a Braille Display. Hence arranging these cells
into a large assembly may realize a full page refreshable
Braille Display or a Graphic Display, which will be extremely
valuable for blind and visually impaired community.*”!

The application examples presented above show that the ferro-
electric EAP actuators require a field of >50 MV/m to achieve sig-
nificant electroactuation. For practical applications, the rational
concerns are the applied voltage and the electric breakdown fields.
Very high-voltage operation will increase the cost of the electron-
ics and may limit the applications (for example, the operation volt-
age of mobile electronics and wearable devices should be low and
inmany cases, itis40 V or below). To reduce the voltage required
to drive the EAPs to achieve high electroactuation responses, thin
EAP films in multilayer configuration are desired, since £ = V/d
where V is the voltage and d is the thickness. On the other hand,
thin EAP films, if the elastic modulus is low, will not generate
much electroactuation if metal electrodes are used. The relative
high elastic modulus (>0.5 GPa) of the ferroelectric relaxor poly-
mer actuator films makes it possible to fabricate multilayer actua-
tors with each layer thickness approaching 1 um. For example,
Choi et al. at Samsung Advanced Technology Institute developed
a fabrication protocol to fabricate a P(VDF-TrFE-CTFE)
multilayer electroactuation device with each polymer layer thick-
ness about 1-1.5 um, as shown in Fig. 6(d)."*" Such multilayer
actuators have generated a large and fast strain response [inset
of Fig. 6(e)] under a significant lowered voltage of 40 V which
is in a safe voltage range for wearable and hand-held devices.!*)
The multilayer actuators have been demonstrated to be very
effective for varifocal microlens for smartphone cameras [see
Fig. 6(e)]. In addition of making multilayer thin film to reduce
applied voltage, great enhancement of permittivity could dramat-
ically reduce the required electric field to generate large strains.
PVDF polymer-based nanocomposites with appropriate fillers
have been demonstrated to possess much larger dielectric constant
compared with the PVDF neat polymer. The fillers are normally
chosen from materials, which exhibit large dielectric constant
or high electric conductivity, such as, copper phthalocyanine,!*®)
polyaniline particles,®® and carbon nanotubes (CNTs).5”!
Recently Javadi et al. reported a P(VDF-TrFE-CFE)/functional-
ized graphene nanosheets (FGNS) composites which exhibit
giant dielectric constant,’” where 4% strain was induced under
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an external electric field of about 20 MV/m, which is 5% reduction
compared with pristine terpolymer as shown in Fig. 6(f).

Besides the electrostriction, the electrostatic forces generat-
ed from the interactions among the charges on the electrodes, as
illustrated in Fig. 5, may also generate a large shape change in
polymers. In the simplest form, the Maxwell stress-induced
strain, similar to electrostriction, is also proportional to square
of electric field, [Fig. 5(b)]. For an isotropic material, the strains
are

gkl —=2v ,
Yy 2 ’

x =22, (10)

B T2y

where Y and v are the Young’s modulus and Poisson ratio, re-
spectively, and « is the permittivity.”' 7] Hence a dielectric
with a low elastic modulus (for example, Y ~ 1 MPa) can gen-
erate significant electroactuations, as have been demonstrated
in several dielectric elastomers which have a Yang’s modulus
~1 MPa and a dielectric constant ~3, in which a Maxwell strain
>100% has been achieved under an electric field >200 MV/m.
As we revisit Fig. 1(d), the ferroelectric relaxor polymer
possesses a high dielectric constant at RT (>50), which is
more than ten times higher than the most dielectric elastomers.
However, the polymer does not generate much Maxwell
stress-induced strain due to the high elastic modulus of the fer-
roelectric relaxor polymers, as can be deduced from Eq. (10).
On the other hand, increasing the bulky ter-monomer such as
CFE or CTFE in the ferroelectric relaxor polymers much be-
yond 10 mol% will cause a significant reduction of the elastic
modulus. Such ferroelectric polymers may generate both
large electrostriction and Maxwell stress-induced actuations
and represent an interesting research direction for the develop-
ment of the next generation of polymer actuator materials.

PVDF-based ferroelectric polymers for
the capacitor applications

Compared with other types of capacitors, polymer film capac-
itors are inexpensive, easy to process, possess high dielectric
strength, high-energy density and low dielectric loss, and fail
gracefully. The state-of-the-art film DC bus capacitors, which
use biaxially stretched polypropylene (BOPP) as the polymer
dielectric, have low-energy density (<5 J/cm®) caused by the
low dielectric constant of 2.2.l'” Further increases of energy
and power density in future dielectric materials are required
by the demand for continuous miniaturization and increased
functionality in modern electronics and electric power systems,
since currently these capacitors contribute large (>30%) vol-
ume and weight to the whole systems (such as automotive in-
verters) because of the low-energy density.

The energy density U, of the dielectric capacitors can be cal-
culated with the equation: U, = /EdD, where E is the applied
electric field and D is the electric polarization. For a linear
dielectric, D =¢gokE. As shown in Fig. 7(a), owing to the low
dielectric constant (x=2.2), BOPP cannot reach a sufficiently
large electric polarization to generate a large U,, even under a
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Figure 7. (a) Schematic illustration of the effect of dielectric constant K (the
slope of D-E curve) on Dy and energy density. A high K leads to the early
D-saturation and consequently to a low-energy density. A low K leads to a low
displacement and a low-energy density as well. An optimized dielectric
constant K is able to achieve an optimized displacement and a high-energy
density. (b) Unipolar polarization-electric field (D-E) loops of P(VDF-CTFE)
with different maximum electric fields up to 600 MV/m under 10 Hz and RT.
(c) Calculated discharge energy density of P(VDF-CTFE) and P(VDF-HFP)
copolymers.

field that is approaching its breakdown strength (>700 MV/m).
Ferroelectric PVDF and P(VDF-TrFE) can achieve high electric
polarization P> 0.1 C/m?, which is still the highest in polymers,
but high spontaneous polarization and ferroelectric hysteresis
[Fig. 1(c)] prevent both energy storage and discharge in an effec-
tive manner, resulting in a minor improvement compared with
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BOPP. As stated above, for electroactuation and EC functional-
ities, the issue is well addressed by the relaxor ferroelectric poly-
mers. Treated by defect modulation, the relaxor ferroelectrics
exhibit slim hysteresis loops that suggest much larger energy
can be discharged and less energy dissipated than that of ferro-
electric polymers. For example, in P(VDF-TrFE-CFE), which
exhibits a large dielectric constant (k> 50), discharge energy
can reach 10 J/em® which is 100% enhancement compared
with ferroelectric P(VDF-TrFE).2%-98:9]

However, as shown in Fig. 7(a), high dielectric constant
would induce a strong electric polarization response, which in-
creases rapidly but saturate at a relatively low electric field, pre-
venting energy density from growing at higher fields. Further
increasing the applied field would only generate much smaller
increment of electric polarization as the material entering the
dielectric saturation region. It is important to recognize that
the maximum stored energy density can be achieved by deli-
cately modifying polymer’s dielectric properties, i.e., a suitable
dielectric constant, low ferroelectric and conduction loss, and
high breakdown strength, as illustrated in Fig. 7.2%

Above consideration is addressed by Chu et al. by investi-
gating the P(VDF—CTFE) copolymer, in which the high con-
centration of bulky CTFE co-monomers results in not only a
weaker ferroelectric hysteresis but also in the well-maintained
dielectric constant (K ~ 15), thus allowing electric polarization
growth in linear range until a high electric field is reached
[Fig. 7(b)]. As a result, ultrahigh discharged energy density
of 25 J/em® can be achieved under E =600 MV/m [Fig. 7(c)].
Similar D-E relationship was also discovered in the
P(VDE-HFP) copolymer,''®” in which the discharged energy
density can reach >30 J/em® [Fig. 7(c)]. Compared with U, ~
5 J/em?® from BOPP under 800 MV/m, U, in those copolymers
indicate a >4x improvement by introducing a desirable dielec-
tric constant and high dielectric strength.

Short discharge time of capacitors (<1 us) is highly desired
in applications such as surgical lasers, high-power accelerators,

and directed energy weapons.['°"! Earlier studies reveal that
both the P(VDF-TrFE-CFE) terpolymer and the P(VDF-
CTFE) copolymer can achieve very fast discharge speeds,>%-*!]
due to the fast response of molecular dipoles exhibiting very lit-
tle loss up to the MHz range.*"! As demonstrated using a ca-
pacitor discharge simulator, when the discharge time is
reduced from >1 ms to <1 us, the discharged energy density
can be well-maintained at 60% of stored energy for P(VDF—
CTFE). It is worthy to mention that, copolymer P(VDF—
CTFE) and P(VDF-HFP) can be fabricated at a relatively
low cost that is close to the cost of commercial PVDF.

Marked improvement in energy density and fast discharge
time observed in PVDF-based ferroelectric polymers revealed
great potential for high energy/power applications where com-
pact, light-weighted capacitors are highly desirable. Besides ul-
trahigh energy density, it is important to reduce energy loss
which will reduce efficiency and cause unwanted heating.
Hysteresis loss can be directly estimated by the area that is en-
closed in D—E loop as shown in Fig. 7(b), where about 30% of
stored energy is lost owing to ferroelectric hysteresis. The hys-
teresis loss can be reduced by increasing the amount of CTFE
or HFP which behave as a bulky defect modifiers. However,
more “defects” would significantly reduce the elastic modulus
of the polymer that is not desired for material processing and
handling.

An encouraging strategy to suppress both dielectric loss and
conduction loss is blending a polar polymer, which can reach
high polarization but relatively large loss, with a non-polar
polymer which has low dielectric constant but also possess much
smaller losses. For instance, as observed by Wu et al. in P(VDF—
CTFE)/ECTFE [P(ethylene-chlorotrifluoroethylene) (ECTFE)]
blends,!'*! hysteresis loss is successfully reduced by half
(30 — 15%). The loss can be further reduced by crosslinking
the blends, as shown in Fig. 8. Crosslinking in those blends hin-
ders the polymer chain structures and prevents the formation of
larger domains under high fields. As a result, the loss is limited
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Figure 8. Polarization-electric field (D—E) responses under 10 Hz frequency at RT of (a) P(VDF-CTFE) 91/9 mol%, (b) P(VDF-CTFE)/ECTFE 67/33 wt% blends,
and (c) P(VDF-CTFE)/ECTFE 67/33 wt% blends with chemical crosslinking under unipolar-electric fields. The D—E response of a commercial biaxially oriented
polypropylene (BOPP) thin film is also presented in (c) for comparison. Reprinted with permission from Ref. 102. Copyright 2011, AIP Publishing LLC.
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to below 5%, which is close to that of PP. Although the achieved
energy density is far below the P(VDF-CTFE), the polarization
of the blends is still 3x higher compared with PP.

In a neat ferroelectric polymer, electric polarization is pri-
marily contributed by dipolar polarization. Further enhance-
ment of polarization may be introduced by combining two or
more materials to form a composite in which interfacial polar-
ization can be contributing. Fabricating a nanocomposite con-
taining nano-sized inorganic particles well dispersed in a
polymer matrix is a general approach to maximize interfacial
dielectric contribution. The dielectric responses of interfaces
are critically dependent on charge/polarization distribution
near the interfaces. When the nanocomposite is subjected to
an electric field, interfaces are strongly modulated by local
field fluctuations due to the contrast of dielectric/electric prop-
erties in participating components. Significant interfacial polar-
ization can thus be introduced, crossing the double layers that
form on both sides of interface region, as described in the com-
posite model proposed by Tanaka et al.!"**!°% The contrast be-
tween different components promotes both polarization and
conduction processes. Strong local fields near interfaces may
reduce the breakdown strength owing to the formation of per-
colated conduction channels when multiple interfacial double
layers are overlapping. This is especially true when the nano-
fillers are highly conductive.

To prevent the formation of conduction channels, surface
treatment of nano-fillers is proved to be a promising route by
forming covalent bonding between the surface modifiers and
nanoparticles.['% As reported by Kim et al.,!'*!%7] phosphoric
acid is demonstrated to be capable of forming covalent bonding
with BaTiO; nanoparticles. Various functional groups thus could
be selected to work with phosphoric acid to effectively improve
the compatibility between the BaTiO3 nanoparticle and different
polymer matrixes. Hydroxyl group is another agent to induce co-
valent bonding to modify interfaces between the nanoparticles
and polymer matrix. For instance, hydroxyl groups anchored
on the surfaces of BaTiO; nanoparticles“og] or Bag ¢Sry 4TiO3
nanofibers'' * by peroxide treatment can form hydrogen bonds
with the electrophilic atoms located on the polymer chains.
Recently, dopamine, a bio-inspired building block used for inter-
face modifications, has received considerable attention because
of its unique structure containing both aromatic and amino
groups, thus playing a role as a compatibilizer between the inor-
ganic nanoparticle and polymer matrix.!''”! Song et al.,[''! treat-
ed BaTiO; nanoparticles and nanofibers with dopamine in
aqueous solutions. As a result, a ~5 nm thick dense layer is
formed on the surface of the nanoparticles exhibiting high struc-
tural integrity and tight bonding between the nanoparticle and
participating polymer. This layer not only promotes homoge-
neous dispersion of nanoparticles in host polymer, but also sup-
presses the remnant polarization usually associated with surface
charges in the loose interfaces, leading to an enhancement of
over 200% in the dielectric strength.

In addition to interface treatment, introducing large-aspect-
ratio nanofillers in ferroelectric polymer matrix is proved to be

effective to improve dielectric behavior. Low-dimensional nano-
fillers, such as nanofibers [one-dimensional (1D)], nano-sheets
(2D), and aligned nano-particles, provide large dielectric anisot-
ropy into the isotropic polymer matrix. Orienting those lower-
dimension nanofillers along the external electric field direction
would result in a high nanocomposite dielectric permittivity
owing to the smaller depolarization factor and better penetration
of electric field into the high permittivity inorganic fillers. For in-
stance, nanocomposites containing highly oriented lead zirconi-
um titanate (PZT) nanowires along the electric field exhibited
>3x higher dielectric constant as compared with randomly filled
nanocomposites.l' ' On the other hand, orienting the fillers per-
pendicular to external electric field resulted in an improved di-
electric strength.'>"'' In case of 2D nanosheets, when the
longer dimension of the fillers is normal to the electric field, fil-
lers form multiple energy barriers normal the field direction
which increase the scattering of charged carriers and prevent
forming of breakdown steamer tree. Additionally, high thermal
conductivity and dielectric permittivity along the surface direc-
tion promotes the thermal and electric energy to dissipate
in-plain and hence reduce the probability of breakdown along
the field direction.l''®"'®] Most interestingly, it was recently
reported that both enhancement of electrical polarization and
dielectric strength can be achieved in a P(VDF-CTFE)-based
ternary nanocomposite by adding high aspect ratio 2D hexagonal
boron nitride nanosheets (12 wt%) and high permittivity BaTiO;
nanoparticles (15 wt%) into P(VDF-CTFE), Li et al. observed a
20% increase in dielectric permittivity along with a 43% im-
provement in dielectric breakdown strength compared with pris-
tine polymer matrix.' ' The addition of these nanoparticles also
hindered the conversion of P(VDF—-CTFE) polar phase, render-
ing a high charge—discharge efficiency of 82% even at the high-
est electrical field.

For a PVDF-based ferroelectric polymers and derived nano-
composites, it is worth noting that polymer fabrication process-
es can dramatically affect the dielectric properties and thus the
energy storage performance. For instance, by quenching the
PVDF-based nanocomposite thermally from 200 °C into ice
water, weakly polar y-phase in PVDF can be promoted along
with the reduction of voids in the film. As a result, the nano-
composite exhibit slower polarization saturation behavior com-
pared to what is normally observed in polar S-phase-dominated
polymer matrix, without sacrificing the maximum polarization.
Adding together, such processed nanocomposites show an ul-
trahigh energy density of 14.86 J/cm?® at 450 MV/m and micro-
second discharge time.['>"!

Conclusions

PVDF-based ferroelectric EAPs provide unique soft material
systems to explore dielectric, electromechanical, and electro-
thermal interactions among three major energy forms.
Previous studies in electroactuation, ECE and high-energy den-
sity polymer capacitors demonstrated that by tailoring molecu-
lar, micro-, and meso-structure of a ferroelectric polymer,
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energy conversion and storage in these soft materials can be
specifically or concurrently improved. First, great ECE perfor-
mance (30 K temperature change and over 50 °C temperature
span including RT) has been achieved in relaxor ferroelectric
polymers. By delicately modifying dipolar correlation to
expand differences between dipolar-ordered and disordered
phases, ECE is indeed improved. The giant ECE and wider
operation temperature range near RT paves the way to new
design of novel plastic coolers for efficient thermal manage-
ment on different scales. Secondly, fast, large mechanic
responses (>6% in strain) in relaxor ferroelectric terpolymer
P(VDE-TrFE-CFE), which exhibit the highest dielectric cons-
tant among all pristine polymers, has been achieved under low
electric field (20 MV/m) and safe voltage (40 V) in pristine
polymer and its nanocomposites. The last but not the least,
the energy density of the ferroelectric polymer-based dielec-
trics has reached more than 30 J/cm®, which is at least 5% as
high as for conventional polymer dielectrics. Optimized per-
mittivity and modulated interfaces polarization not only
enhanced the energy density that is stored in the polymer
film but also offered modifications on multiple other material
properties, i.e., dielectric strength, hysteresis/conduction loss,
discharge time, etc.

Increasing knowledge and improvements of the electric-
related responses of these ferroelectric polymers, along with
the polymer’s inherent compatibility with modern fabrication
technologies such as 3D printing technology stimulate strong
driving force to keep improving the soft materials to meet the
ever increasing needs from practical applications and thus
open new opportunities to develop novel stretchable, flexible
and multifunctional machines and electroactive devices.
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