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Abstract

Use of the morphotropic phase boundary (MPB) is a promising approach to enhance the
electrocaloric effect in ferroelectric polymers. This is usually achieved by a composition
method, and polymer processing near the MPB to tune electrocaloric response has attracted
little attention. Here, the relative stability between disordered 3/1-helix and ordered all-
trans conformations is leveraged by uniaxial stretching to improve the electrocaloric effect
in relaxor ferroelectric polymers under low electric fields. It is found that the stretching
technique enables a considerably more enhanced electrocaloric response in polymer com-
position near the MPB at room temperature, compared with counterparts corresponding
to the relaxor phase. The electrocaloric-induced temperature change is found to be 4.5 K
under a low electric field of 50 MV m~! in stretched relaxor ferroelectric polymers at room
temperature, corresponding to a 60% enhancement over pristine counterparts. This result
highlights the critical role of polymer processing in optimizing electrocaloric properties,
especially near the MPB, and this can be extended to improve other functionalities, such as
piezoelectric response, in relaxor ferroelectric polymers.

Keywords: morphotropic phase boundary; electrocaloric effect; disorder-order phase
transition; stretching; relaxor ferroelectric polymers

1. Introduction

The electrocaloric effect (ECE), referring to the adiabatic temperature change AT or
isothermal entropy change AS driven by a change in electric field AE, describes the re-
versible thermal properties of dielectric materials [1]. Refrigeration based on EC materials
offers an environmentally friendly and potentially highly efficient alternative to current
vapor compression technology, and these materials have gained increasing interest [2,3].
Among EC materials, lightweight and flexible relaxor ferroelectric polymers are suitable
candidates for integration into flexible and wearable electronics [3-10]. Their cooling poten-
tial has been demonstrated in various EC prototype devices [11-16]. ECE has been revealed
in the ferroelectric copolymer poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE))
and the relaxor ferroelectric terpolymer poly(vinylidene fluoride-co-trifluoroethylene-co-
chlorofluoroethylene) (P(VDF-TrFE-CFE)) [3-5]. Initial works on EC materials mainly
focused on the relaxor ferroelectric P(VDF-TrFE-CFE) due to its large ECE with a relatively
broad temperature span near to room temperature. However, it typically requires a high
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electric field of 150 MV m~! to induce a large ECE [4,5], corresponding to a low EC strength
defined as AT/AE. To optimize EC response in relaxor ferroelectric polymers under low
electric fields, previous studies have mainly incorporated alternative commoners or C=C
double bonds to fabricate tetrapolymers which behave more electroactively, especially in
a low-field regime [17-20]. Use of other methods to improve low-field EC properties in
relaxor ferroelectric polymers has yet to be explored.

The functional properties of ferroelectric polymers are strongly sensitive to processing
conditions [21-23]. For instance, in [22], a complex fabrication diagram was constructed to
design a piezoelectric response in PVDF with a high fraction of all-frans chain conformation
through different thermal and mechanical conditions [22]. Previous approaches to improve
ECE have mainly used chemical modification methods [17-20]. Processing approaches
using different fabrication methods and conditions have not been extensively addressed.
Although mechanical stretching processing methods have been intensively used to enhance
the dielectric, piezoelectric and electrostrictive properties of ferroelectric polymers [1,24,25],
the use of this technique to optimize ECE has gained less attention. A previous work [5]
used uniaxial stretching to modify P(VDF-TrFE-CFE) terpolymers with high CFE content
(i-e., 7.2 mol%); however, structural changes induced by stretching and processing condi-
tions were not analyzed in detail, and these are crucial in the design of scalable EC polymers
for cooling applications. Moreover, only polymer composition with a high CFE content
corresponding to the relaxor phase has been explored; composition near the morphotropic
phase boundary (MPB) [26-28] has not been studied. MPB is defined as a composition
region where two or more crystalline phases with comparable energetic stability coexist,
leading to flattened free energy profiles and reduced phase transition barriers. Near the
MPB, energetic barriers between different crystalline phases are markedly lowered. In
addition, applying an electric field enables a more dramatical change in the polar state
than that exhibited by counterparts in the pure relaxor phase, generating an enhanced
EC response. This has recently been demonstrated in compositionally induced [29] and
double-bond-induced MPB [18] in P(VDF-TrFE-CFE) terpolymers.

In this work, uniaxial stretching combined with thermal annealing is used to process
P(VDF-TrFE-CFE) with various CFE content; this is then used to tune EC properties at
room temperature. It is found that stretched terpolymers with moderate CFE content favor
stabilization of induced all-trans conformation coexisting with 3/1-helix conformation.
This may give rise to the formation of MPB [26-28] which is reminiscent of that obtained
using the compositional approach. Such stretching-induced MPB behavior is absent in
P(VDF-TrFE-CFE) terpolymers with high CFE content (i.e., 9.2 mol%). As a result, this
stretching approach yields an EC response considerably higher than that achieved away
from the MPB under the same conditions. Given that the use of MPB to enhance ECE in
relaxor ferroelectric polymers has been demonstrated mainly through the compositional
approach [18], our results presented here offer an alternative method to enhance ECE which
paves the way towards scalable fabrication of high-EC relaxor ferroelectric polymers for
flexible and wearable cooling applications.

2. Experimental Section
2.1. Materials

P(VDF-TrFE-CFE) 67.0/27.4/5.6 mol% (denoted as CFE-5.6) and 64.6/26.2/9.2 mol%
(denoted as CFE-9.2) were obtained from Piezotech at Arkema (Paris, France). Cyclohex-
anone (>99%) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). All chemicals
were used without further purification.
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2.2. Preparation of Stretched P(VDF-TrFE-CFE) Films

Polymer powder was dissolved in cyclohexanone to achieve a concentration of
60 mg mL~!, followed by continuous stirring at room temperature overnight. Subse-
quently, the solution was cast onto a pre-cleaned glass substrate and subjected to drying in
an oven at 60 °C for 8 h. Upon completion of drying, the film was peeled off in deionized
water. Ultimately, the as-obtained film was annealed in a vacuum oven at 100 °C for 12 h.
Following uniaxial stretching with a series of ratios, the resultant stretched films with
different draw ratios were subjected to annealing at 100 °C for 3 h. Uniaxial stretching
was achieved through the zone drawing method [4] and the stretching ratios corresponded
to 1:2 and 1:3. Stretching ratios of 1:2 and 1:3 indicate films whose original lengths are
uniaxially stretched by 2 and 3 times, respectively. The thickness of the stretched film was
approximately 10 pm.

2.3. Characterization

The XRD data was obtained using an Empyrean (PANalytical B.V., Almelo, The Nether-
lands) at room temperature. The X-ray wavelength (1) was 1.54 A. Differential scanning
calorimetry (DSC) was employed to characterize phase transitions and crystallinity under
a nitrogen atmosphere, using a DSC2500 instrument (TA InstrumentsNew Castle, DE,
USA). The measurements were carried out across a temperature range of —60 °C to 200 °C,
with a heating rate of 10 °C min~!. For measurements of ECE and electrical properties,
50 nm thick gold electrodes were sputter-deposited onto both surfaces of the polymer films
using a Quorum Q150RS plus system (Quorum Technologies Ltd., Lewes, East Sussex, UK).
Polarization—electric field (P-E) loops were recorded at 100 Hz excitation via a modified
Sawyer-Tower circuit which was powered by a Trek 610E high-voltage amplifier (Advanced
Energy, Lockport, NY, USA). The electrodes used herein had an active area of 12.56 mm?.
ECE measurements were obtained using a calorimeter equipped with a heat flux sensor
which was the same as that reported in previous works. Cyclic stability was evaluated by
subjecting the samples to extended testing (over 100,000 cycles) under ambient laboratory
conditions at room temperature. The cyclic tests were conducted using an electric field with
a frequency of 500 mHz and an amplitude of 50 MV m ™. In situ monitoring of the film’s
thermal response was achieved using the output of a heat flux sensor. After 100,000 cycles,
the ECE properties were characterized immediately, to assess both retention of refrigeration
performance and the fatigue resistance of the system under prolonged cyclic loading.

3. Results and Discussion
3.1. Characterization of Stretched Terpolymers

Mechanical stretching may orient molecular chains in a way which enables tuning of
the relative stability between different crystalline chain conformations [24,25]. For instance,
previous works indicate that stretching makes all-trans conformation energetically more
favorable (Figure 1a, upper panel); this is essential if a high energy density and large
electrostrictive strain is to be enabled [24,25]. In the case of ECE, regarding the enhanced
ECE caused by stretching, a structural analysis remains elusive [5]. Here, in contrast to our
previous work with high CFE content [29], our interest focuses on P(VDF-TrFE-CFE) with
composition close to the MPB. Note that the conventional compositional MPB approach to
enhance ECE is highly dependent on the desired polymer composition; this remains chal-
lenging to obtain, especially for massive synthesis of homogenous compositions [29]. In this
regard, stretching acts as an alternative method to stabilize an ordered all-trans conforma-
tion, even for composition located on the relaxor side of the MPB which corresponds to the
decrease in CFE content (Figure 1b, upper panel). In contrast with counterparts, this may
facilitate the ease of stretching-induced phase transition from disordered-helix to ordered-
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trans conformation (Figure 1a), with the relaxor phase as the well-defined ground state.
Optimizing stretching conditions is identical to tuning polymer composition [29] to access
the desired MPB where ECE is greatly enhanced (Figure 1b, upper panel). Such stretching-
driven phase transition is reminiscent of compositionally induced MPB behavior [26], and
may offer an alternative degree of freedom to optimize EC response. Moreover, stretching
is a critical processing method widely used in massive polymer processing which may offer
a scalable option to massively fabricate high-EC polymers for cooling applications.
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Figure 1. (a) Sketch of stretching-induced phase transition from 3/1-helix to all-trans conformation
(upper panel). Schematic for the ECE enhancement mechanism induced by stretching for polymer
composition near the MPB (bottom panel). (a) Illustration of the mechanism proposed in this work.
(b) XRD curves for CFE-5.6 under different stretching ratios. (c,d) XRD curves for annealed CFE-5.6
after stretching under different stretching ratios. (e) XRD curves for stretched and annealed CFE-9.2.
In (b—e), S is short for stretching while A is indicative of annealing.

Our structural results on stretched CFE-5.6 are shown in Figure 1b,c. It can be seen
that pristine CFE-5.6 exhibits a characteristic peak at near 18.2°, indicative of 3/1-helix
conformation, while a weak and broad peak centering near 19.3° is also present, the latter
corresponding to all-trans conformation [26,27,30]. The explanation for these results is
that CFE-5.6 is very close to MPB in P(VDF-TrFE-CFE) terpolymers, with small energetic
barriers between 3/1-helix and all-frans conformations [29]. Moreover, it can be seen that
upon stretching with ratios of 1:2 and 1:3, the weak peak at higher 26 develops dramatically,
indicating substantial growth in all-trans conformation caused by mechanical stretching
which confirms our proposed physical picture. Subsequent annealing results showed a
considerable decline in the fraction of all-trans conformation, corresponding to a drop in
the intensity of the peak at near 19.3°. Nevertheless, the results show that the intensity
of the peak characteristic of all-trans conformation in terpolymer with a stretching ratio
of 1:2 remains notably higher than its pristine counterpart, different from the terpolymer
with a stretching ratio of 1:3. Differing from CFE-5.6, the stretching-induced structural
change remains absent in CFE-9.2 under the same stretching and annealing conditions. It
is only in Figure le that there can be seen a slight broadening of the characteristic peak
at 18.2° assigned to 3/1-helix conformation. For CFE-5.6, the all-trans conformation peak
(19.3° for pristine) shifts slightly to 19.4° (SA-1:2), according to Bragg’s law, confirming the
formation of more ordered and tightly packed all-trans chains. The broadening of the peak
for CFE-9.2 is slight rather than significant, and is related to stretching-induced mild chain
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orientation where the intrinsic interplanar structure is not changed, as evidenced by the lack
of obvious all-trans peak growth in Figure le. Consequently, we may say that our structural
results explicitly demonstrate the ease of stretching-induced phase transition in polymer
composition close to the MPB at similar energy levels. This may offer an alternative way to
tune EC response in relaxor ferroelectric polymers.

3.2. Polarization and DSC Results

P-E loops were used to evaluate the change in polar state achieved by stretching and
annealing. It was found that a considerable reduction in the maximum polarization P,
of CFE-5.6 was observed in the stretched terpolymers with stretching ratios of 1:2 and
1:3 while the remanent polarization remained nearly unchanged (Figure 2a). Stretched
terpolymers were cured by thermal annealing, leading to an observed increase in Py, with
stretching ratios of 1:2 (Figure 2b) and 1:3 (Figure 2c). Meanwhile, stretched CFE-9.2 dis-
played a similar behavior to that of CFE-5.6 (Figure 2d). In Figure 2d, it can be seen that
the enhancement in Py, of CFE-9.2 induced by annealing is smaller than that of CFE-5.6.
The Py, of stretched and annealed CFE-9.2 is smaller than that of its CFE-5.6 counterparts.
The bipolar and unipolar P-E loops results we measured simultaneously exhibit a consis-
tent trend (Figure S1).These results suggest that terpolymers with composition near the
MPB exhibit a considerably higher polarization change induced by the same electric field,
implying greater electroactivity and a higher EC response.
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Figure 2. (a) Unipolar P-E loops for CFE-5.6 under different stretching ratios. (b,c) Unipolar P-E loops
for annealed CFE-5.6 and (d) CFE-9.2 after stretching under different stretching ratios measured at
100 Hz. In (a—d), S is short for stretching while A is indicative of annealing.

To further study the phase transition behavior, we applied the DSC technique which
is commonly used in ferroelectric polymers [9,26]. As can be seen in Figure 3a,b, for both
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CFE-5.6 and CFE-9.2, stretching and annealing results in weak change in the melting point
(Figure 3a,b). In the case of stretched and annealed CFE-5.6, an endothermic peak at
near 40 °C (corresponding to melting of the all-trans conformation) develops, leading to a
slight increase in latent heat (about 4.9 ] g~! for SA-1:2), as shown in Figure 3c. Dielectric
spectra upon heating also reveal the trend in the melting point variation associated with
conformational melting (Figure S2).The latent heat of CFE-5.6 SA-1:2 (4.9] g_l) is higher
than that of pristine (3.8 ] g~'), indicating a larger fraction of all-trans conformation. This
arises from the stabilization of all-trans conformation. By contrast, the endothermic peak
at around 8 °C remains almost unchanged in CFE-9.2, corresponding to a nearly constant
latent heat of 3.2 ] g~! (Figure 3d), confirming that stretching cannot induce significant
all-trans conformation formation in CFE-9.2. Consequently, the DSC results provide further
supporting evidence that CFE-5.6 with higher latent heat arising from stretching-induced
stabilization of all-trans conformation may compete more favorably for driving a larger EC
response, compared with CFE-9.2.
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Figure 3. DSC curves obtained during heating scan of stretched and annealed (a) CFE-5.6 and
(b) CFE-9.2. (¢) Latent heat of diffused phase transition of stretched and annealed CFE-5.6 and
(d) CFE-9.2. In (a—d), S is short for stretching while A is indicative of annealing.

3.3. ECE Results

EC-induced results for CFE-5.6 with a stretching ratio of 1:2 are summarized in
Figure 4a—d. It can be seen in Figure 4a,b that the EC-induced temperature change AT
is substantially improved by stretching and annealing, compared with pristine CFE-5.6. It
was also found that this method is useful in enhancing EC response in the low-field region.
For instance, it may be observed that stretched CFE-5.6 exhibits a large AT of 4.5 K driven
by a low electric field of 50 MV m~!, corresponding to a 60% enhancement over its pristine
counterpart. Moreover, this value also exceeds previous results obtained under the same
field at room temperature [6,7,12,14,18,31]. This yields an enhanced EC strength AT/AE as
large as 0.09 K m MV !, markedly larger than that of the unmodified pure terpolymers
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(Table S1). Moreover, an EC-induced entropy change AS of 23.1 ] kg ~! K~! was achieved in
stretched CFE-5.6 (Figure 4c), substantially outperforming that (14.1 J kg =1 K1) of pristine
under the same conditions (Figure 4d). Consequently, we may say that the stretching
method proposed in this work offers a useful tool to markedly enhance EC properties,
especially in the low-field region which is highly desired for practical cooling applications.
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Figure 4. (a,b) Adiabatic temperature change AT under different electric fields for stretched and
annealed CFE-5.6, the arrows indicate a significant enhancement in EC properties under an electric
field of 50 MV m~1. (¢,d) Isothermal entropy change AS under different electric fields for stretched
and annealed CFE-5.6. In (a-d), S is short for stretching while A is indicative of annealing.

EC-induced response in CFE-9.2 was also evaluated under the same conditions used
for the measurement in CFE-5.6 (Figure 5a). It can be seen in Figure 5a that a AT of 2.7 K was
achieved in stretched CFE-9.2 under an electric field of 50 MV m ™, exceeding that (1.8 K)
of pristine CFE-9.2 under the same conditions. However, this value only corresponds
to 60% of that in CFE-5.6 near the MPB (Figure 5b), confirming that stretching-induced
enhancement in EC response is most useful for composition near the MPB, with small
energetic barriers between different crystalline conformations. In the case of CFE-5.6, the
3/1-helix (relaxor phase) and all-trans (ferroelectric phase) conformations are energetically
degenerate. This near-degeneracy enables mechanical stretching to effectively regulate
the relative stability of the two phases, driving the formation of ordered all-trans chains
(evidenced by the enhanced XRD peak at 19.3° in Figure 1b—d). As a result, stretched and
annealed CFE-5.6 forms a “helix-trans coexisting state”, with a higher fraction of all-trans
conformation than pristine CFE-5.6. In this regard, electric-field-induced disorder-to-order
phase transition for composition near the MPB enabled by mechanical stretching is mainly
responsible for the markedly enhanced EC response. The mechanical stretching processing
method has been widely used to improve the dielectric, piezoelectric and electrostrictive
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properties of ferroelectric polymers [1,24,25]. Here, our results demonstrate the presence
of stretching-enhanced ECE, which widens the useful spectra of stretching processing in
optimizing functional properties of ferroelectric polymers. Moreover, our results indicate
that this method is especially useful in enhancing low-field EC response for polymer
composition near the MPB, with stretching possibly acting as leverage to tune the nearly
energetical degenerate phases, thus offering an alternative solution to regulate ECE in
ferroelectric polymers.
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Figure 5. (a,b) Adiabatic temperature change AT under different electric fields of stretched and
annealed CFE-9.2 and CFE-5.6. (c) Comparison of the heat flux and (d) AT measured between
the initial cycle and after 100,000 cycles of stretched and annealed CFE-5.6. In (a—d), S is short for
stretching while A is indicative of annealing.

For practical cooling applications, the EC response under cyclic electric fields is
required to inspire confidence for long-term use. For stretched CFE-5.6 with a low latent
heat associated with the diffused phase transition (Figure 3c), the EC response shows a
slight reduction of about 8.7% even after 100,000 cycles, with a magnitude of electric field
of 50 MV m~! (Figure 5¢,d). Taken together, the markedly improved EC-induced results
obtained under low fields and the nearly fatigue-free EC response under cyclic field suggest
that stretched terpolymers are competitive candidates for developing EC devices with high
cooling performance.

4. Conclusions

In summary, in the present work the EC response in relaxor ferroelectric terpoly-
mers P(VDE-TrFE-CFE) was tuned by mechanical stretching for compositions close to
and away from the MPB. It was found that greatly enhanced EC-induced properties en-
abled by stretching were achieved for the composition near the MPB; this outperformed
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a counterpart obtained away from the MPB under the same conditions. In the case of
the composition near the MPB (CFE-5.6), it was found that uniaxial stretching (1:2 ratio)
combined with thermal annealing effectively regulated the relative stability between disor-
dered 3/1-helix and ordered all-trans conformations. The stretched and annealed CFE-5.6
exhibited a remarkable adiabatic temperature change (AT) of 4.5 K at 50 MV m~!, corre-
sponding to a 60% enhancement over the pristine sample. This can mainly be attributed to
the stretching-induced stabilization of ordered all-trans chain conformation which makes
electric-field-induced disorder-to-order phase transition easier. The markedly improved
low-field EC properties and nearly fatigue-free EC response under cyclic conditions indicate
the promise of mechanical processing in the scalable fabrication of EC relaxor ferroelectric
polymers for future cooling applications.
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