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Abstract

Thin P(VDF-TrFE-CFE) films have become an essential active material in the
manufacturing of solid-state refrigeration systems. Films prepared by solvent casting
fall short of the performance needs of today’s cooling devices due to their low
electrocaloric (EC) response, 1.5 °C at 50 V/um, and to their high dielectric losses.
Here, we present a straightforward method for enhancing the EC effect and minimizing
dielectric losses in P(VDF-TrFE-CFE) through low energy UV-A irradiation. This
approach offers a potential path for post-improvement in the functional properties of
EC materials. The material, after irradiation, shows new functional groups, thicker
crystalline lamellae and denser structure. Direct measurements of the adiabatic
temperature change have shown an increasing of the EC response from 1.76 °C to
2.88 °C at 60V/um, accompanied by a reduction of the losses, two key improvements
for potential applications. X-ray diffraction under electric field reveals an adiabatic
temperature change related to the electric field induced appearance of the so-called
defective ferroelectric (DFE) phase jointly with the ferroelectric (FE) one. After
irradiation the FE phase appears at lower field, indicating that UV induced
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modifications favor the polar phase. This work shows an easy to implement road
towards properties enhancement of EC P(VDF-TrFE-CFE) films for cooling
applications.

Keywords: Electrocaloric effect; P(VDF-TrFE-CFE); loss reduction; UV irradiation;

Phase transition

l. Introduction

According to the International Energy Agency nearly 20% of the total electricity
consumption in buildings around the world is used for cooling. The rising demand for
space cooling associated with climate change is putting an enormous strain over the
energy production infrastructures, driving a further increasing of emissions . Between
the solid-state alternatives to gas refrigerant for a new, more eco-friendly, generation
of cooling technologies, electrocaloric materials attract a growing interest due to their
outstanding caloric properties, and to the compactness of the associated field source
2-4_ Electrocaloric (EC) effect is the reversible temperature change of a ferroelectric
material under the application of an electric field °. It is characterized by two main
guantities that are measured under a field variation: the isothermal entropy change
(AS) and the adiabatic temperature change (ATadia). SO far, several cooling devices
based on EC effect have been developed 38, One of the most promising candidates
as an EC refrigerant is the P(VDF-TrFE-CFE) terpolymer (P, poly; VDF, vinylidene
fluoride; TrFE, trifluoroethylene; CFE, chlorofluoroethylene) due to its large adiabatic
temperature change, and to the possibility to be easily processed into thin films (e.g..
solvent casting) °. However, to fit the high efficiency needs of the new generation of
cooling devices, the EC effect in P(VDF-TrFE-CFE) needs to be improved increasing

ATadia, and keeping the associated losses as low as possible.



P(VDF-TrFE-CFE) is a semicrystaline polymer that belongs to the family of relaxor-
ferroelectric (RFE). It exhibits strong electroactive properties. Namely, it is
electrostrictive, pyroelectric, and electrocaloric and it shows high energy storage
properties’. P(VDF-TrFE-CFE) is derived from PVDF, poly (vinylidene fluoride). PVDF
crystalline part can exist in different polymorphism depending on the chain
conformations, such as: the paraelectric (PE) phase tg*tg" (i.e. alpha phase), the
ferroelectric (FE) phase all-trans (i.e. beta phase) or tttg*tttg” (i.,e. gamma phase).
Here, t (trans) and g (gauche) refer to the torsional bond arrangements with
substituents at 180° and 60° to each other respectively. To stabilize the phase with the
highest polarization (all-trans), copolymerization of PVDF with TrFE is commonly used.
P(VDF-TrFE) have the tendency to crystallize into a ferroelectric, mostly all-trans,
conformation phase showing a ferroelectric to paraelectric transition at a given
temperature (Tc), depending on the TrFE content 89, Typically, Tc is comprised
between 50°C and the melting temperature (Tm). The incorporation of a third monomer,
such as CFE, expands the interplanar distance and weakens the interchain interaction
of the ferroelectric phase, favoring the tg*tg- conformation °. In this case, CFE limits
all-trans sequence length (reducing the number of consecutive trans conformations)
and provides the pinning force for fast conformation/polarization reversal after
removing the external electric field. By adjusting the amount of CFE, due to the
weakening of the interchain interactions, Tc moves towards room temperature
improving the electrocaloric response and with 66% mol TrFE, 9% mol CFE, the
ferroelectric becomes a relaxor ferroelectric. The latter shows a hexagonal-like
structure which is similar to the high-temperature paraelectric phase of P(VDF-TrFE)
10, This is the composition used in this work. Below the temperature of the transition
RFE to PE, P(VDF-TrFE-CFE) contains mostly tmg (m<4) conformation, above Tc

conformations gradually transform into shorter t sequences and the inter-planar



distance increase, indicating the formation of the PE phase 1!. On the contrary, under
high electric fields, the ferroelectric phase (all-trans) is formed within the relaxor
polymer 2, This change of conformation associated to high entropy change and its
extreme sensitivity to electric field and to the temperature, are the key features to
achieve high EC effect.

Introducing defects is commonly considered a way to promote the conformational
change driven by the electric field. In combination with the CFE, several methods have
been reported to introduce defects improving the EC response. The most common are;
the blending of P(VDF-TrFE) with P(VDF-TrFE-CFE) 3, Barium Ziconate Titanate ,
Barium Strontium Titanate, boron nitrate fibers (BNf) + BCZT@BaTiO3 nanoparticles
to form a nanocomposite 416, More recently, chemical conversion of a small number
of the chlorofluoroethylene groups into terpolymer by a covalent double bond has been
reported as a promising defect creation route '>17. All the studies mentioned above
enhance the EC effect through an increase in crystallinity accompanied by a decrease
of the crystalline size. It has been suggested that dipoles may exhibit distinct
responses depending on their location, either at the interface or within the crystal 2.
Dipole at the interface are less confined and therefore they are expected to be more
susceptible to the electric field 8.

Irradiation is also a method to induce defects that entail a disordering of the structure.
Several works reported the induction of structural changes in PVDF based polymers
using various type of radiations including heavy ions °, e-beam?® ,y (Gamma) 2122,
Ultraviolet (UV). For instance, high energy ions implantation on PVDF causes a
dramatic effect on the concentrations of fluorine and hydrogen in the material and leads
to the formation of carbon-carbon double bonds °. Likewise, high energy e-beam
irradiation of P(VDF-TrFE) has been reported to create cross-linking and chain-

scission reactions, resulting in a transition from ferroelectric (FE) to relaxor ferroelectric



(RFE) ?°. Furthermore, it has been shown that y —irradiation can foster the presence
of radicals with distinct structures, mobility, and stability, accompanied by
intramolecular crosslinking 23. Still, the main drawbacks associated with high-energy
irradiation are undesirable degradations as, for instance, the resulting brittleness of the
material.

Ultraviolet (UV) irradiation offers a less energy-intensive approach, easier to carry out,
and allows high-throughput processing conditions such as roll-to-roll processing. UV
irradiation has been used to change the structure of fluoropolymer through the cross-
linking scission and the formation of a new bounds 23-%6, Indeed, C-C, C-H and C-F
bond energies (i.e. 4.2 eV and 5 eV respectively) are below the energy range of UV-
C, and V-UV (i.e. in the 4.43 - 12.4 eV interval). Nonetheless, low-energy UV-A
irradiation, with wave lengths in the 340-400 nm interval, and energies in 3.1 - 3.9 eV
interval, has been successfully used to change PVDF properties 26.

In this work, we study the effect of short (less than 20 min), standard irradiance (circa
0.5 W/cm?), low energy UV-A (UV LED with a spectrum centered around 395 nm)
irradiation, on the electrocaloric properties of P(VDF-TrFE-CFE) films. After irradiation
an increase of ATadia Up to 2.88 °C at 60 V/um is observed, amounting to an
enhancement of 81% compared to pristine P(VDF-TrFE-CFE). To the best of our
knowledge, the effect of ultraviolet irradiation on the EC response, and on dielectric
losses has never been investigated on P(VDF-TrFE-CFE). This makes the findings
presented here relevant for the enhancement of this ter-polymer in view of its
application as a solid-state refrigerant.

To shed light on the mechanisms underlying the EC effect improvement through UV
irradiation a setup designed to carry out a direct measurement of the adiabatic
temperature has been used ?’. In addition, X-ray diffraction (XRD) performed under

electric field, a non-standard technique, will be used to underpin the main mechanisms



responsible for the EC effect measured on the pristine, and on the irradiated samples.
Thereupon a complex interplay between three different phases is revealed and
discussed. Jointly with the EC response, the losses have been measured allowing
estimating an upper bound for the relative cooling efficiency of the material when
cycled in relevant operating conditions. An efficiency improvement from 1.3 % for the
pristine material, up to 2.2% after UV irradiation has been extrapolated. A significant
result indeed, considering that losses represent the main bottleneck towards the use
of P(VDF-TrFE-CFE) films as refrigerant in actual cooling devices 7. The main result
here is demonstrating low energy UV-A irradiation as a straightforward and efficient
method to foster EC effect response in P(VDF-TrFE-CFE).

The paper is organized as follows: after the introduction (section 1), the main
experimental results are presented and discussed in section II; Section Il is devoted
to the general conclusions, and to discussing the new perspectives the main results of
this study are opening; Section IV gives a detailed description of the experimental

methods.

Il. Results and discussion

The adiabatic temperature change 4T,,;, IS the temperature variation when the electric
field is applied under adiabatic conditions. Figure. 1 shows the evolution of the EC
effect of pristine and irradiated (with irradiation times spanning from 5 min up to 20
min) terpolymer films measured at room temperature. Below 20 V/um the irradiated
and non-irradiated films show almost the same adiabatic temperature change ATadia.
The effect of UV-Irradiation appears above 20 V/um with a trend that is independent
from the irradiation time. At 60 V/um the ATadia increases up to 2.88°C, an 81% with

respect to the pristine sample.



The lack of experimental standards for characterizing EC effect makes comparison
with data from the literature somewhat problematic. On the contrary, the rather high
relative improvement of the sample properties gives a self-contained assessment of
the positive effect of UV-irradiation. Nonetheless, it is worth nothing that the adiabatic
temperature change obtained after irradiation gets not very far from the highest
electrocaloric performance hitherto reported. The results presented here reach a ATadia
slightly below the performance of the P(VDF-TrFE-CFE)/ P(VDF-TrFE) blend (ATadia ~
4.1 K)?8 and of the (PVDF-TrFE-CFE) modified by double bond 2°. In general, direct
measurements on polymers and nanocomposites (with E < 60 V/um), gives ATadia
ranging from 3 to 4.2 °C (refer to Table S1 in the supporting information).

To check the stability in time of the UV induced changes, an irradiated sample has
been characterized just after irradiation, and three months later. No relevant changes
have been observed on 5-min irradiated film (the only film remaining without
breakdown) confirming the UV induced improvement as a permanent modification of

the material (see supplementary Figure S8).
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Figure. 1. The evolution of AT .4;,versus electric field for pristine and terpolymers irradiated at
ambient temperature (25°C), under different irradiation times.

Building upon the methodology outlined in reference 27, we have calculated the upper
limit for the efficiency n of an optimal thermodynamic cycle that employs the materials
studied here as refrigerants. By utilizing direct measurements of AT,;;,and losses W,
under unipolar square excitation (as shown in Error! Reference source not found..), we
use an ideal thermodynamic cycle to extrapolate the upper bound of the efficiency

using following expression:

n = : (1)

1-4TW 455/ cAT? ggiq

Where W, is the energy corresponding to the area of the P(E) loops, c is the

volumetric heat capacity and AT, is the adiabatic temperature change. It is important
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to highlight, that the unipolar excitation is better than the bipolar one because it
provides the same AT,,;, With less losses.

Figure. 2 presents the efficiency calculated from equation (2) for the pristine
terpolymer and for the irradiated ones. Whereas, as shown in Figure. 1, in terms of
AT,4:, all the irradiated samples are equivalent, when assessed in term of the
efficiency upper bound calculated form Equation. (1), differences become apparent.
For instance, the terpo- UV- 5 min showing a relevant AT,,;;, improvement has a
maximum efficiency drastically reduced, due to the relevant dielectric losses, getting
even lower than the one of the pristine samples. Indeed, conduction losses are often
present with a detrimental impact on efficiency particularly when operating at 1 Hz.
Figure. 2 shows that, using n as a figure of merit, the 20 minutes irradiated film
emerges as the best refrigerant with an efficiency improvement of the order of ~80%

with respect to the pristine one.
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Figure. 2. Maximum relative efficiency computed from equation (2) for film with different

irradiation time.

Figure. 3 shows the polarization versus electric field curve at room temperature for the
pristine and irradiated terpolymer. The maximum polarization (Pmax) is significantly
increased after UV irradiation, rising from 27 mC/m? to 37 mC/m? after 20 minutes of
UV exposure. The resulting higher polarization entails a higher energy storage
capability. It is worth noting that all the samples exhibit the same remanence Pr, and a
Pmax increasing monotonically as a function of the irradiation time, whereas AT, IS
the same for all the irradiated films. Moreover, under 1 Hz square excitation, which
corresponds to the typical device operating condition, losses increase as a function of
the irradiation time up to a maximum, for the 10 minutes irradiated sample. Eventually
they sharply decrease getting, for the 20 minutes irradiated film, to values close to the

ones of the pristine sample Error! Reference source not found..
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Figure. 3. Polarization versus electric field measured at 1Hz using sinus signal (working

frequency of cooling device)

1. Fostering structural change under field by UV irradiation

X-Ray diffraction scan (10 °— 50 °) has been conducted on the irradiated and non-
irradiated films to identify peaks corresponding to crystallinity (Error! Reference source
not found.). The peak within the 17.5 °0 — 21 °0 range is a signature of the emergence
of the crystalline phase. To get an insight into the mechanism leading to EC effect
enhancement presented in the previous section, X-ray diffraction (XRD)
measurements under application of an electric field have been performed on the
pristine and on the 20-minute irradiated terpolymers (see supplementary schematic 1).
Figure. 4 shows that the electric field induces a structural change, as indicated by the
arrows, and this effect is further enhanced in the irradiated film. At high field the pic
around 18.5° shows two bumps indicating two phases that are very close in their lattice

parameter.

——0 V/pm b) ——0 V/ipm
—— 25 Vipm ] o —— 25 V/ym
Increasing field 37.5 V/um Increasing field 37.5 V/um
—— 50 Vipm —— 50 V/um
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s \ 3
2 \ s
s 4 \ Increasing field ®
= / c
£ / ' k] Increasing field
A (=
I I%’MMK { ’ 7
VWA £ v 3
175 180 185 190 195  20.0 175 180 185 19.0 195 200 20.5

20 (°) 20 (°)

Figure. 4. X-ray spectrum with intensity in logarithmic scale, for different fields on the pristine

film (on frame a) and 20 minutes irradiated film (on frame b) at 25°C.
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The deconvolution of X-ray spectra, shown in the inset of Figure. 5 reveals three
crystalline phases 2830, The relaxor ferroelectric phase (RFE) containing a higher
number of trans gauche defects (tg*tg’) in its structure where the stacking of (tg+tg-)
chains results in a significant interplanar distance, and in a characteristic peak at low
20; the ferroelectric phase (FE) where the chains are arranged in all-trans
conformation resulting in a phase showing a denser crystalline structure, a lower
interplanar distance and higher 26 values; and eventually, lying between the RFE and
the FE in the X-ray spectrum, the phase commonly referred to as defective ferroelectric
(DFE), exhibiting an intermediate amount of (tg*tg’). The volume fraction of the three
phases under different applied electric fields has been extracted by integration of the
respective XRD spectra peaks as shown in the inset of Figure. 5. The phase fraction
evolution as a function of the electric field is shown in Figure. 5 and their respective
interplanar distances are shown in Table S2 (see supplementary). The subtle balance
between the fractions of the three phases as a function of the electric field is the very
heart of the physical mechanism underlying the EC effect.

In Figure. 5 the phase fractions as a function of the electric field exhibit distinct
evolutions between the pristine polymer and the irradiated one. In the pristine film a
slight increasing of the DFE phase over the RFE one, as a function of the field, is
followed by a marginal appearance of the FE phase between 50 V/um and 62.5 V/um
(i.e. from 0 % to less than 10 %). In the irradiated film, while the trend till 37.5 V/um is
similar, the DFE phase fraction stays almost constant between 37.5 V/um and 62.5
V/um while the main part of the transition takes place between 37.5 V/um and
62.5 V/um through the appearance of the FE phase that passes from almost 0 % up
to more than 20 %. Surprisingly enough, the slight increase of the relative fraction of

the DFE phase in the irradiated sample at low field seems to promote, at higher field,
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the appearance of the FE phase. A similar effect has also been reported in samples
treated with a method based on chemical modification 2. The observed enhancement
of the EC effect shows that the RFE to FE phase change induced by the electric field

involves a higher entropy change than the RFE to DFE phase transformation.

—&— RFE — @-- RFE- Irradiated
—@— DFE — @-- DFE- Irradiated
—90—FE -@-- FE- Irradiated

80 -

60 -

40

20 -

Crystalline phase content (%)

0 10 20 30 40 50 60 70
Electric field (V/pm)

Figure. 5. Crystalline phase content in pristine terpolymer and irradiated terpolymer with 20

min UV and at 25°C.

The ATadia(E) on Figure. 1 and the phase fraction change under field shown on Figure.
5, give an insight into the relationship between change of phase and ATadia. As
expected, the ATadia is related to the grow of the DFE or of the FE phases. At low fields
(< 20 V/um), the transition from RFE phase to a defective ferroelectric state (DFE) in
both films (irradiated and the non-irradiated) is similar and results in a small and similar

AT,q4:. (Figure. 1). In this region the electric field is unable to trigger the FE phase.
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Then in the irradiated films, the electric field trigger earlier the FE phase giving a higher

response.

The dependence of ATadia Over the fraction of phase change is suitably described
through a linear fit when assuming the entropy change associated with the RFE to FE
transition to be twice the one due to the RFE to the DFE one (Error! Reference source
not found.). Thence, we can expect the entropy difference between the RFE and the
FE phase to be twice the one between the RFE and the DFE phases as schematically
shown in Figure. 6.

In a simple picture (Figure. 6), the phase RFE are mostly related to the tg
conformation, the DFE to the tttg conformation and the FE to all trans-conformation.
Indeed, the RFE to FE transformation entails two times more conformation changes

than the DFE to FE one, leading to an enhanced caloric effect.

FE
TGTGTGTG

l AS G-T lAs 6T l 2 X As G-T

TTTGTTTG DFE

AS G-T l AS G_Tl l 2 X AS G-T

TTTTTTTT FE

4 XAS ¢t

< Electric field

Figure. 6. Explanatory diagram of the change in conformation of the chain of the terpolymer
under the application of the electric field.

Figure. 7 shows the temperature change resulting from the EC effect of pristine and

irradiated films, measured at different temperatures and under different electric fields.
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At low field the irradiated and the pristine film have similar temperature dependence.

However, at high field with the appearance of the FE phase, as indicated in the XRD

at 25°C (Figure. 5), the adiabatic temperature change maximum of the irradiated films

shows a shift of

20°C towards higher temperatures.

Comparison between Figure. 5 and Figure. 6 suggests a direct relation between the

lower, and higher temperature maxima with the RFE-DFE, and RFE-FE transitions

respectively. A similar shift has been observed at higher applied fields on some non-

modified ter-polymers able to withstand up to 100 V/um. Unfortunately, due to the

limited number of UV irradiated sample it has been impossible, so far, to explore them

at field intensities where the risk of breakdown are rather important.
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Figure. 7. Adiabatic temperature change of the pristine film and the film irradiated 20 minutes
at different temperature and different field. For the Terp-UV 20 min, the field is 30, 40 V/um

and for the Terpo-UV Omin the field is 40, 50 V/pum.

2. Modification induced by UV.

To understand why a relatively low UV irradiation dose (20 minutes at 0.5 Watt)
induces such a significant effect on the field driven transition, DSC measurements have
been carried out. The thermal transitions of pristine and irradiated terpolymers, have
been examined by differential scanning calorimetry (DSC) (Error! Reference source
not found.). Figure. 8 shows the heat flow from 45°C to 180 °C for the pristine and the
20 min irradiated terpolymer. Pristine terpolymer shows a main peak at high
temperature (~128.5 °C), which is associated to the melting process. The values for
the melting and Curie transitions of the samples, along with the corresponding enthalpy
values and calculated crystallinities, are presented in Table 1. It is shown that the
crystallinity (xc) increases with irradiation time from 30% at O min irradiation to 35.8%
under 20 min irradiation. Indeed, the expected molecular chain cleavage of the UV, as
demonstrated in PVDF alone, amplifies the degree of crystallinity within the terpolymer
films. The melting point (Tm) also gradually increases with irradiation time (as shown
in Table 1). Additionally, Tm exhibits significant broadening and a notable decrease in
intensity with longer exposure time. These increases in the melting point from 128.5°C
to 130°C, can be related to a lamellar thickening via the Gibbs-Thomson mechanism.
We can explain this effect by the fact that UV exposure may result in the scission or
breaking of polymer chains. This can create shorter chains with increased mobility,
allowing them to rearrange more effectively, and leading to thicker lamellae.

In addition, the broadening is an indication of a wider crystal size distribution which can

result from UV induced random chain-scission. A low rate of crosslinking is not
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excluded because of the reactivity of the radicals formed by irradiation. Enhanced EC
properties can be also partially related to this increasing of crystallinity. A closer look
at the low temperature of the DSC thermograms on cooling (Figure. S6.b) shows the
presence of low temperature transition around 60°C, which correspond to RFE/DFE to
PE (Trreore - PE) transition. This confirms the result found in X-ray Diffraction (XRD),

which shows the presence of phases RFE /DFE at zero field (Figure 4).

Terpo- UV- 0 min- 1% cycle
— - — - Terpo- UV- 0 min- 2" cycle
1.0 4 Terpo- UV- 20 min- 15 cycle
||~ — - Terpo- UV- 20 min- 2" cycle
o
S 0.8 1
S
9O
& 0.6
ra)
1] e
(]
= =
0.4
0.2 Exo Down
1 ® 1 L 1 ) 1 L |
60 90 120 150 180

Temperature (°C)

Figure. 8. Endothermic peak of melting for pristine and irradiated terpolymer. The heating rate

was 20 °C/min for all samples.

Table 1. FE-PE Temperatures, Melting Temperatures, Enthalpies, and Crystallinity of pristine

and irradiated terpolymer.

TRFE/DFE- Crystallinity  Crystallinity
Sample Teryst (°C) Tmeit (°C) AHmelt (J/9)
pe?(°C) DSC ® (%) XRD (%)
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Terpo-UV- 0 min 62.4 94.01 128.5 12.44 30 34

Terpo-UV- 5 min 62.7 92.3 131.18 13.99 33 34
Tefpor;“lrJ]V' 10 63 92.37 130.5 15.23 36 35
Tefpor;]iLrJ]V' 20 63 92.47  130.07 15.05 35.8 37

aDSC Curve (Figure S6. b)
b Cristallinity determined from AH; = 42]/g %

Fourier transform infrared spectroscopy (FTIR) has been used to inspect molecular
structure before and after UV irradiation (Error! Reference source not found.). After
normalizing all spectra, we plotted the relative peak intensities that are strictly related
to the terpolymer structure. Comparison between the peak relative intensities before
and after irradiation are shown in Figure. 9. A sharp intensity increase at 1736 cm™
accompanied by a decrease at 1260 cm™ are observed. These two peaks correspond
to the CF=0O (new function) and C-F bands, respectively. Besides, the bands
corresponding to CH2 and CHs at 2925 cm* and 2850 cm-1 respectively undergo the
same variation hinting at a molecular rearrangement induced by UV exposure. The
emergence of a new function (CF=0) in the IR spectrum of P(VDF-TrFE-CFE) is an
indicator of polymer chain cleavage and scission. Various studies in the literature
demonstrate the formation of a radical on the polymer chain because of cleavage. This
active radical will capture oxygen from the air to form the CF=0 functionality?3. This
compellingly suggests that UV irradiation serves as a straightforward method to modify

the structure thereby augmenting the electrocaloric effect.
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Figure. 9. Relative change in peak intensities of the CHz , CH,, C-F and CF=0 bands as a
function of irradiation times.

The thermal stability of the pristine and irradiated P(VDF-TrFE-CFE) films was studied
by thermogravimetric analysis (TGA). The degradation temperatures are; 503 °C, 504
°C, 504.8 °C for 5, 10, and 20 min respectively. Small crosslinking effects can
contribute to the thermal stability of terpolymer and cause the increasing of the

decomposition temperature of PVDF 22,

M. Conclusions

In summary, our study demonstrates low-energy UV-A as an effective road to enhance

the electrocaloric performance of P(VDF-TrFE-CFE), and to jointly reduce the losses
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exhibited by the material under relevant working conditions. After UV-A irradiation a
remarkable increase in the adiabatic temperature change, rising from 1.76°C up to
2.88°C at a field of 60 V/um, and a significant loss reduction have been observed. This
allows to estimate a ~80% enhancement of the maximum relative efficiency
achievable when using the polymer as a refrigerantin a cooling device. To gain insights
into the mechanisms responsible for the mentioned modifications the P(VDF-TrFE-
CFE) films have been studied by XRD under applied electric field, and their adiabatic
temperature change has been directly measured. Three phases have been detected,
RFE, DFE, and FE. Their interplay as a function of field and temperature has been
studied comparing pristine samples with the irradiated ones. After irradiation the
balance between the RFE, the DFE, and the FE changes. Indeed, while the caloric
effect in pristine samples is driven mainly by the RFE-DFE transition, at high filed
(>40V/um) the irradiated samples behavior is dominated by the high entropy RFE-FE
transition involving a relevant EC effect enhancement.

Further investigations like GPC or AFM(-IR) are still needed to pinpoint in more detail
the mechanisms responsible for the observed modifications.

The primary finding presented here is twofold: on the one hand low-energy UV-A
irradiation is shown to be a road to enhance EC effect in P(VDF-TrFE-CFE) films. On
the other, we show that the initial enhancement of the EC effect (up to 10 minutes
irradiation time) is accompanied by a detrimental increasing of the dielectric losses in
the material. Longer irradiation (up to 20 minutes) induces further structural
modifications (e.g. appearance of new functional groups like CF=0 or increased
presence of crosslinking) bringing losses back to their initial value and making the
resulting material an excellent candidate as a refrigerant for advanced solid-state

refrigeration devices.
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V.  Experimental

Polymer films are prepared using solution casting method, which involves dissolving
P(VDF-TrFE-CFE) terpolymer powder in DMF solvent at a concentration of 10 %wt.
This terpolymer contains 66.4 % VDF, 24.5% TrFE, and 9.1% CFE, expressed as
molar fraction and purchased from Piezotech®. The dissolution temperature was set at
50°C, and the solution was agitated for 3 hours to achieve thermodynamic equilibrium.
The resulting polymeric solution is then cast onto a clean glass plate using a calibrated
casting-knife, resulting in a film with a thickness of around 14 um £ 1 um. To control
the deposition environment condition, the coater is enclosed in a PMMA® box. The
interior was purged with nitrogen for approximately twenty minutes to remove air and
humidity. PVDF casting is indeed very sensitive to humidity 32 . At the time of
deposition, the flow of nitrogen is stopped. After casting the glass plate is left on the
plate at 30°C for 60 minutes to form a film. After that the film is heated at 60 °C for 24 h
to remove any remaining solvent. The film is then peeled off and subjected to thermal
annealing at 102 °C to promote crystallinity.

Both sides of the terpolymer films have been exposed to UV-A at room temperature,
for 5-20 minutes with an irradiance of 0.5 W/cm?. UV irradiation was performed using
a lamp of 395 nm (FluoTechnik). The radiation source was placed at 4 cm from the
terpolymer films. To investigate the effect of UV irradiation on the dielectric
performance, both sides of the PVDF films were exposed to UV irradiation for 5, 10,
15, and 20 minutes, and the resulting samples were labeled as Terpo-UV-5 min, Terpo-
UV-10 min, and Terpo-UV-20 min, respectively. The reference sample, without
irradiation is named Terpo-UV-0 min.

The crystal structure of the PVDF film was analyzed using X-ray diffraction (XRD) with
Cu Ka radiation, performed on a Rigaku SmartLab instrument. X-ray under electric field

were performed with a homemade diffractometer (radius = 500 mm) 34 associated with
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a Rigaku RA-HF18 rotating anode generator (50 kV, 200 mA). The wavelength is
copper Kalpha (1.541 A°). A nickel filter is used to eliminate the Kbeta component.
Each data scan was recorded with a 2 Theta step of 0.02°, and a counting time of 1
second per step. Electric field was obtained with a Keithley 248 power unit. The film
was placed on a PMMA support with copper tape on each side. Connected to this
PMMA support are wires that help to apply tension. To link the top and bottom
electrodes of the film with the PMMA support, we used double-sided carbon tape
(brand). (see schematic 1 in the supplementary part). The measurements involved
applying increasing electric fields before each new X-ray reading. Each measurement
was taken at a constant electric field for a duration of 10 minutes.

The deconvolution and fitting of the XRD patterns were conducted using OriginLab
software and the Voigt equation, respectively. The Avenberg-Languardt iteration
algorithm was employed to effectively resolve overlapping peaks and enabling the
clear identification of distinct crystalline phases (i.e. RFE, DFE and FE). The
percentage of each phase was calculated by integrating the area under each
deconvoluted peak.

DSC measurements were performed utilizing a TA Instruments model Q 20 DSC with
a heating rate of 20 °C/min, ranging from 20 to 180 °C. Crystallinity is calculated from
the area of the melting pic.

The values for the melting and Curie transitions of the above samples, along with the
corresponding enthalpy values and calculated crystallinities, are presented in Table 1.
Fourier transform infrared spectroscopy (FTIR, Nicolet 6700) was performed on
samples before the dielectric measurement. The data were recorded with 4 cm™
resolution and 32 scans on a Bruker Vertex 70 spectrometer equipped with a detector
from 4000 cm to 700 cm* using the attenuated total reflectance (ATR) mode. To

fabricate a capacitor-like structure, rounded gold electrodes measuring 1 cm in
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diameter, and ~30 nm in thickness were applied to both sides of the terpolymer film.
The gold deposition process employed was sputtering using the (Quorum, Q150T).
The Polarization—electric field (P—E) loops were measured at 1 Hz using a current and
voltage measurement. Thermogravimetric analysis (TGA) was performed using a
Perkin-Elmer Pyris Diamond TG/DTA thermal analyzer, operating between 30 and 700
°C under a nitrogen atmosphere. The samples were placed in open ceramic crucibles,
a Al203 pans, with a sample weight of ~6 mg. A heating rate of 20 ° C/min and a
nitrogen flow of 20 mL-min~* were used.

The EC effect was determined through the measurement of a flexible and thin
thermistor's resistance in contact with the active part of the film. The thermistor,
composed of an 8 um thick polypropylene (PP) film metallized with an 8nm aluminum
layer (Goodfellow, PP30-MZ-000180), underwent a modification to create a serpentine
pattern in the measurement area using a fiber laser (Trotec, speedy 360 flexx). This
laser was appropriately configured to selectively remove the metallization without
causing damage to the PP film.

The resistance of the flexible thermistor (approximately 1 kQ) was measured every 50
ms using a four-point probe and a digital multimeter (Keysight 34465A) with a
sensitivity of 0.025 °C. The thermistor's surface area was 8 x 8 mmz2, smaller than that
of the electrocaloric (EC) film (10 x 10 mm?). Following calibration, the thermistor
exhibited a linear dependence between resistance and temperature within the range
of -10 °C to 60 °C, featuring a temperature coefficient of resistance of 0.2299%.
Notably, thanks to the thermistor's shape, it remained unaffected by the electrocaloric
material's electrostriction, as the associated deformation in the film plane is assumed
anisotropic.

Due to its flexibility and to adhesion forces, the thermistor naturally spread over the

electrocaloric film. The thermal contact quality between the film and the thermistor play
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a crucial role in minimizing the sensor time response. To evaluate measurement
reliability, a simulation was conducted using a 1D numerical model of a multilayer, (see
our previous work 27). This simulation considered variable air gaps between the
thermistor and electrocaloric film, along with 2 mm air columns above and below the
bilayer.

When a voltage square profile is applied to a terpolymer film, its temperature
increases/decrease due to the EC effect. This response is measured by the flexible
thermistor as a variation of resistance. By adjusting the voltage V, different heat values
can be obtained.

All experimental details, with materials description, methods for film fabrication,
detailed procedures, lists of instruments, and characterization techniques; Table of
best EC performance (Table S1); Material losses (Figure S1); relationship between the
EC effect and phase variations (Figure S2); Adiabatic temperature change (Figure S3);
X-ray measurements (Figure S4); Schematic of X-ray diffraction (XRD) under electric
field (Schematic 1); The interplanar distance calculated from the XRD (Table S2);
FTIR measurements (Figure S5. a. b. ¢); DSC measurements (Figure S6, a, b); TGA

measurements (Figure S7. a. b).
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