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Active thermal control will be a major challenge of the twenty-first century, which has
emphasized the need for the development of energy-efficient refrigeration techniques such as
electrocaloric (EC) cooling. Highly polar semi-crystalline VDF-based polymers are promising
organic EC materials, however, their cooling performance, which is highly structurally-
dependent, needs further improvement to become competitive. Here, we report a simple
method to increase the crystalline coherence of P(VDF-ter-TrFE-ter-CFE) ter-polymer in
the plane including the polar direction. This is achieved by blending P(VDF-ter-TrFE-ter-
CFE) with minute amounts of P(VDF-co-TrFE) co-polymer with similar VDF/TrFE unit
content. This similarity allows for a cocrystallization of the co-polymer chains in the ter-
polymer crystalline lamellae, preferentially extending the lateral coherence without
lamellar thickening, as validated with a wide range of structural characterisation. This
results in a significant dielectric and electrocaloric enhancement, with a remarkable
electrocaloric effect, ATec = 5.2 K, confirmed by direct measurements for a moderate

electric field of 90 MV':mtin a blend with 1 wt% of co-polymer.



Projected to be among the main sources of greenhouse gases emissions in the near future, the
refrigeration and cooling technology is in dire need for efficient and environmentally-friendly
alternatives. Electrocaloric (EC)-based solid-state cooling is a serious candidate, but its potential
for applications is still currently stifled by the low performance of EC materials. EC cooling is based
on the electrocaloric effect (ECE), which arises from the increase of the net polarization under the
application of an external electric field, E, in polar crystals. In adiabatic conditions, the system
compensates the decrease of dipolar entropy (inherent to the alignment of dipoles) with an increase
in lattice vibration entropy, i.e. a temperature increase, therefore keeping the overall entropy of the
system constant.>? In a hysteresis-free environment, this process is fully reversible, and the cooling
obtained at the electric field removal is of same amplitude as the heating. This cooling power is
governed by the adiabatic temperature change, 47kc, of the active material, which corresponds to
its temperature change upon application of a given value of electric field.%*® ATec depends on
several material specific parameters, the main one of which is the polarization, P. A high maximum
polarization Pmax is thus expected to enhance ATec, and high change in polarization with field,
(dP/dE), — i.e. a high relative permittivity, er — ensures the efficiency of the process by achieving

this high ATec at sufficiently low electric fields.

For semi-crystalline polymers such as highly-polar vinylidene difluoride-based (VDF) polymers,
which have arisen as the main candidates for polymer-based solid state cooling,*® both the
permittivity and the polarization are highly structurally dependent. The structural parameters of
their crystalline lamellae play an especially crucial role (Fig. 1a), including the crystalline lamellar
thickness, L, the inter-planar (or inter-chain) distance, dna, the crystalline lateral extension, i,
which includes the polar direction normal to the polymer chains, and the crystallinity (ratio between
the volume of the crystalline phases over that of the amorphous phase). These structural parameters

are also highly dependent on the polymer chain conformations stable in the crystalline lamellae.
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Figure 1. a) Crystalline lamellae and structural parameters of interest for dielectric properties.
b) PVDF chain conformation and c¢) corresponding crystalline lattice parameters in the a-phase

(tg*tg’) (top panel) and B-phase (all-trans) (bottom panel).

Bulk films of P(VDF-co-TrFE) co-polymers with high VDF-content are highly crystalline and
tend to crystallize with relatively thick crystalline lamellae (Lc ~ 10 nm).° The all-trans polymer
chain conformation (Fig. 1b), which is the most stable in these lamellae, also ensures the
formation of closely—packed crystalline lamellae, i.e. with high density (low inter-chain
distance, Fig. 1c). The high crystallinity and low inter-chain distance induce a high maximum
macroscopic polarization (Pmax), but also leads to a high remanent polarization, responsible for
a strong hysteresis, and high-temperature Curie temperature (Tc); i.e. the temperature of the
structural phase transition from the polar phase to the non-polar paraelectric (PE) phase, for
which the ECE is maximized. Therefore, strategies were developed to shift Tc closer to room-
temperature and decrease Pr while maintaining a high Pmax. The introduction of a third larger
co-monomer to form ter-polymer sequences such as P(VDF-ter-TrFE-ter-CFE) and P(VDF-
ter-TrFE-ter-CTFE) has looked especially promising. These ter-polymers have a comparatively
higher inter-chain distance than P(VDF-co-TrFE) due to the addition of bulky groups, such as
chloroftuoroethylene (CFE),° and crystallize in thinner lamellae due to the difficulty to include

these bulky groups inside the crystal. The increase in inter-chain distance leads to a stabilization



of the tg™tg™ chain conformation and an expansion of the crystalline unit cell, which shifts Tc to
lower temperatures. Due to the higher distance between dipoles, Py is also decreased. The newly
formed crystalline phase with a broad phase transition near room temperature, high emax and
Pmax but low Py, is referred to as relaxor ferroelectric (RFE). The combination of these properties
has made P(VVDF-ter-TrFE-ter-CFE) the standout candidate for ECE cooling, with encouraging

values ATec > 2 K reported at moderate electric fields (~ 50 MV-m1).811-16

Engineering the microstructure of the materials to further improve their ECE performance has
been a key feature of recent polymer-based ECE research. Nano-composites with high
permittivity nano-particles!’ or nano-confinement in alumina templates® have yielded
interesting results. As an all-organic alternative, we have recently shown that a preferential
extension of the crystalline lamellae in the plane including the polar direction could induce a
significant dielectric and electrocaloric enhancement in double-bonds modified polymers, with an
ECE enhancement > 60% measured near room-temperature.> However, such a preferential
crystalline growth is difficult to obtain without simultaneous lamellar thickening, which tends to

concurrently decrease the permittivity.

Blending several VDF-based polymers has also been used to manipulate their microstructure. Chen
et al. reported that blending P(VDF-ter-TrFE-ter-CFE) (62.5/29/8.5) with P(VDF-co-TrFE)
(55/45) could induce a 30% increase in polarization, and the corresponding ECE, due to an
interfacial coupling between the relaxor ter-polymer and normal ferroelectric co-polymer.8
While these results are promising, the beneficial approach of blending a relaxor with a
ferroelectric co-polymer could push forward if the two polymers were allowed to cocrystallize.
The addition of the co-polymer could then directly influence the density of the P(VDF-ter-
TrFE-ter-CFE) crystalline lamellae and even induce a preferential growth in the polar direction,

due to the maintained limitation of lamellar thickening provided by the presence of —CFE units.



Here we blend P(VDF-ter-TrFE-ter-CFE) (63/30/7) with various amounts (1 wt% to 15 wt%)
of P(VDF-co-TrFE) (70/30). The strong FE behaviour of the co-polymer resulting from the
high VDF-content ensures a drastic effect on the structural and dielectric properties of the ter-
polymer, thus limiting the required quantity of added co-polymer to only minute amounts (< 5
wt%). Furthermore, the similar VDF/TrFE unit ratio (~ 2) between both electroactive materials

is shown to facilitate their cocrystallization.

The dielectric properties, as well as the direct ECE, were characterised in films prepared from
the polymer blends. Fig. 2a shows that the permittivity is increased in the blends with low co-
polymer loading, without a significant shift of the temperature of maximum permittivity (Tmax).
The maximum permittivity at 1 kHz, increases from 48 for the neat terpolymer to 51 for the 1
wt% blend. However, for high co-polymer contents (10 and 15 wt%), the blending strategy is
detrimental as a shift of Tmax from 29 °C to 45 °C, associated with a reduction in permittivity,
is observed. Similar differences are observed in the polarization versus electric field at RT; for
low co-polymer contents, especially 1 wt% and 2 wt%, the maximum polarization Pmax is
significantly increased in the blends, from 5.4 uC-cm?to 6.2 pC-cm=2at 170 MV-m, while the
remanent polarization P, remains relatively unchanged. As previously mentioned, this trend is
highly desirable for ECE enhancement, as it ensures high polarization while maintaining the
reversibility of the ECE, which allows for an efficient ECE cooling cycle to be established.
However, when the co-polymer loading is increased further, an increase of the remanent
polarization is concurrently observed (Fig. 2b), from Pr = 0.3 pC-cm measured on the neat
ter-polymer to Pr = 2.6 uC-cm for the 15 wt% blend. This trend is in good agreement with the

shift of Tmax toward high temperature observed in Fig. 2a.
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Figure 2. Comparison of the dielectric and electrocaloric properties measured on the neat
P(VDF-ter-TrFE-ter-CFE) ter-polymer and blends with various contents of P(VDF-co-TrFE):
a) Real part of the permittivity vs. temperature at 1 kHz, b) polarization vs. electric field (P-E
loop) measured at 100 Hz, with a maximum field of 170 MV-m, c) direct electrocaloric
adiabatic temperature change vs. electric field at RT, and d) direct electrocaloric adiabatic
temperature change vs. temperature at 75 MV-m*. The inset of b) shows the evolution of the

maximum and remanent polarization measured at 170 MV-m™ and RT.

Direct measurements of the adiabatic temperature change, ATec, on the blends with low co-
polymer loading revealed an electrocaloric enhancement in the 1 wt% P(VDF-co-TrFE) blend
for moderate electric fields at RT. A maximum ATec = 5.2 K was measured for this particular

blend under a 90 MV-m* electric field, while the neat terpolymer registered ATec = 4.6 K in



the same conditions (Fig. 2c). For a more moderate electric field of 62 MV-m™, ATec = 4.0 K
was measured on the same blend, which rivals with the best EC performance reported to date
by direct measurements for E < 60 MV-m™ on polymers and nano-composites, ATec ~ 3.5 - 4.2
K,1418-21 (see Table S1, supporting information) but remains lower than the best ceramic
multilayer capacitors (ATec ~ 5.5 K).?2 The ECE measured in the 2 wt% blend is similar to the
results for the neat ter-polymer, while the room temperature ECE clearly starts to decrease when
the co-polymer content is increased to 5 wt%. A study of the ECE versus temperature at a given
electric field revealed that the ECE enhancement is observed at higher temperature in the 2 wt%
blend, when compared to the 1 wt% blend, most probably due to the slight shift in the phase
transition temperature. For temperature above 40 °C, the highest ECE is measured in the 2 wt%
blend (Fig. 2d). All the data of the electrocaloric isothermal heat change and ATec versus E and
T obtained by direct measurements on the neat ter-polymer and blends is supplied in supporting

information (Fig. S1).
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Figure 3. Evolution of the structural parameters of the neat P(\VDF-ter-TrFE-ter-CFE) ter-
polymer and blends with various contents of P(VDF-co-TrFE): a) FT-IR spectroscopy. The
inset shows ratio of the relative absorbance of the blends with that of the neat ter-polymer for
a specific tg*tg™ vibration (610 cm™) and a specific all-trans vibration (1283 cm™) for each
blend compared with the same ratio obtained for the neat ter-polymer. b) Deconvolution of a
typical WAXS spectrum associated with the juxtaposition of the two diffraction lines resulting
from the (200) and (110) planes, and corresponding crystalline phases, namely RFE, DFE and
FE. c) Schematic representation of the crystalline lamellae of each of the three crystalline
phases with relative comparison of their inter-planar distance. d) Crystalline phase content and
e) lateral extension of the crystalline lamellae versus co-polymer content. f) full temperature-
range and g) low-temperature range of the differential scanning calorimetry thermograms (first

heating, 10 °C-min%).

A wide range of structural characterisation was performed on these polymer films to identify
the origin of the changes measured in the dielectric and electrocaloric properties. A gradual
increase of the all-trans conformation with increasing co-polymer content was observed with
Fourier-transform infra-red spectroscopy (FT-IR). For each co-polymer loading, the ratio of the
relative absorbance of the blends with that of the neat ter-polymer were monitored for a specific
tg™tg” vibration (610 cm™) and a specific all-trans specific vibration (1283 cm™) as shown in
the inset of Fig. 3a. The result of this comparison clearly demonstrates the increase of the all-
trans conformation over the tg*tg" conformation. This evolution is a direct consequence of the
increase of the co-polymer content, which favours the all-trans conformation for these VDF-

contents.



The effect of blending on the crystalline lamellae of P(VDF-ter-TrFE-ter-CFE) was then
studied by Wide-Angle X-Ray Scattering (WAXS). The typical WAXS spectrum associated
with the juxtaposition of the two diffraction lines resulting from the (200) and (110) planes in
the P(VDF-ter-TrFE-ter-CFE) / P(VDF-co-TrFE) blends is shown in Fig. 3b (All WAXS
spectra are provided in Supporting Information, see Fig. S2 and S3). Up to three different
crystalline phases can be identified depending on the stable chain conformations inside the
crystalline lamellae, which affects the inter-planar distance and consequently, the diffraction
angle 26.52%?% The relaxor ferroelectric phase (RFE) comprises mostly gauche defects, it
displays a higher inter-planar distance and a lower 26. On the other hand, the all-trans chain
conformation is inherent to the ferroelectric (FE) crystals, thus leading to a denser crystalline
phase (low inter-planar distance) and higher 26. Finally, a third phase has been identified, with
an intermediate amount of gauche defects, mostly concentrated near the interface of the
crystalline lamellae, as shown in Fig. 3¢.232* This phase is referred to as defective ferroelectric
(DFE); the diffraction angle of its (200)/(110) Bragg peak is found between that of the RFE and
the FE phases. Consistently with FT-IR, WAXS revealed that the blending with the ferroelectric
co-polymer led to a gradual increase of the all-trans containing crystalline phase contents,
namely DFE and FE, as shown in Fig. 3d. For low co-polymer contents, only the DFE phase is
stabilised, while the FE phase is also present for higher co-polymer loading, especially 10 wt%
and 15 wt%. Even if the existence of P(VDF-ter-TrFE-ter-CFE) FE crystalline lamellae cannot
be discarded, the majority of the FE lamellae is associated with P(VDF-co-TrFE) crystals. The
presence of this denser phase explains the differences observed in the dielectric properties, with

a shift of the phase transition to higher temperature and a Py increase.

Interestingly, WAXS also revealed an extension of the lateral coherence of both the RFE and
DFE lamellae for low co-polymer contents (< 2 wt%), while a reduction was noticed for the

blends with high loading. The lateral extension (&o0110, SChematically represented on Fig. 1a)



was obtained by applying the Scherrer formula to the width-at-half-maximum, A26200/110, Of the
Bragg peak for each crystalline phase.?® For the blends with 1 wt% and 2 wt% of co-polymer,
where the significant dielectric and electrocaloric enhancement was observed, the lateral
coherence of both the RFE and DFE lamellae is extended, with a large ¢o0110 ~ 300 nm
estimated for the 1 wt% blend (Fig. 3e). However, crystalline lamellae with similar lateral
extension as that of the neat ter-polymer were obtained when the co-polymer content is
increased to 5 wt%. The lateral extension of the RFE and DFE lamellae then decreases further
for higher co-polymer loading. In the meantime, the lateral extension of the FE crystalline
lamellae remains relatively unchanged. These results further confirm the direct correlation
between preferential lateral extension of the crystalline lamellae and dielectric and

electrocaloric enhancement in VDF-based ter-polymers.®

Differential scanning calorimetry (DSC) was also used to monitor the evolution of the
crystalline lamellar thickness from the position of the melting endotherm upon heating. DSC
revealed that the lamellar thickness of the main crystalline phase remained relatively unaffected
by the blending, as indicated by the position of the melting peak, which remained near 130 °C
(10°C/min, Fig. 3f). However, the emergence of a second melting endotherm can be observed
at higher temperature for co-polymer contents > 5 wt%, which corresponds to another
population of crystalline lamellae with larger lamellar thickness. The shift toward higher

temperature of this second melting endotherm further accentuates with increasing co-polymer

content.



RFE DFE _CFE | VDF-TrFE
|
< L%

% Neat all-trans

X s §

tg+tg-
@ s

% amorphous

%g 2wt%

strong co-crystallisation

Seeses

B3RS

limited co-crystallisation

P x
eElE [ﬂ]
x

X% [ %
% % Towtsh
<

RFE DFE FE

Figure 4. Schematic representation of the evolution of the crystalline lamellae of each of the
three crystalline phases (RFE, DFE and FE) when increasing the co-polymer content in the
P(VDF-ter-TrFE-ter-CFE)/P(VDF-co-TrFE) blends. A special emphasis was placed on
monitoring the evolution of the crystalline lamellae thickness and lateral extension, as well as

their content in tg™tg and all-trans polymer chain conformation.

A closer look at the low-temperature end of the DSC thermograms sheds further light on how
the addition of small contents of P(VDF-co-TrFE) co-polymer induces a lateral extension of
the RFE and DFE crystalline lamellae of P(VDF-ter-TrFE-ter-CFE). Two endotherms can

clearly be identified for the neat ter-polymer (Fig. 3g), one at ~ 20 °C and one at ~ 40 °C, which



correspond to the RFE to PE (Trre-pe) and the DFE to PE (Tore-pe) phase transitions,
respectively. Tpre-pe Clearly shifts to high temperature in the 1 wt% and 2 wt% blends, as a
result of the DFE phase densification, confirmed by the decrease of the inter-planar distance
(see Fig. S4). This result, combined with the lateral crystalline coherence extension of the
lamellae measured for these co-polymer contents, indicates that the two VDF-polymers
cocrystallize. Fig. 4 shows a schematic representation of the evolution of the crystalline
lamellae of each phase with increasing co-polymer content as deduced from our dielectric and
structural characterisations. For 1 wt% and 2 wt%, the similar VDF/TrFE ratios (~ 2) in both
polymers allows for a cocrystallization of the co-polymer VDF-TrFE chains in the P(VDF-ter-
TrFE-ter-CFE) lamellae. These results in a “growth” of both the RFE and DFE crystalline
lamellae, but, as the lamellar thickening is still strongly hampered by the presence of CFE
groups at the crystalline/amorphous interface, this crystalline “growth” is mainly restricted to
the lateral plane, and the lamellar thickness remains unchanged, as confirmed by the constant
melting temperature observed in DSC. This cocrystallization results in a densification of the
lamellae and an increase of their content in polymer chains with all-trans conformation. The
cocrystallization is more important in the DFE phase than in RFE phase, as a result of the
already lower inter-planar distance of the DFE phase. This lateral extension without lamellar
thickening, along with the slight densification of the lamellae, is responsible for the observed
increase of the maximum permittivity and polarization (Pmax), without a detrimental increase in

remanent polarization (Pr). Furthermore, 4Tec for a given temperature T is defined as

BT
ATge = m (Prglax - Prz)

Where p is the density, C, the specific heat capacity and £ a materials’ specific constant?.

Consequently, as ATec is proportional to the electric-field induced polarization change, P2, —

P2, this cocrystallization also leads to an enhancement of ATec in the temperature range where



the largest change in polarization can be found, i.e. in the vicinity of Trre.pe and Tore-pe.
Therefore, an EC enhancement is observed between 25 °C and 40 °C for the 1 wt% blend, while
this temperature range is shifted to 30 °C - 50 °C in the 2 wt% blend (Fig. 2d and Fig S1), in

accordance with the shift of Tore-pe to higher temperature.

However, when the co-polymer content is increased further (> 5wt%), the co-polymer VDF-
TrFE chains start to independently crystallize as well. As they do not contain any —CFE groups,
they can form thicker crystalline lamellae (Fig. 4), which explains the emergence of the second
melting endotherm at higher temperature observed in DSC. The lamellar thickening then
increases further for high co-polymer contents. The P(VDF-co-TrFE) lamellae contain a
majority of chains in the all-trans conformation, resulting in the presence of the much denser
FE crystalline phase observed in WAXS for contents > 5wt%. Furthermore, their crystallization
is easier than for P(VDF-ter-TrFE-ter-CFE) due to their higher chain mobility, concurrently
hindering the crystallization of the other phases while decreasing the propensity of
cocrystallization, as evidenced by the shift back to lower temperature of Tpre-pe in the DSC
from 2 wt% to 5 wt%, the increase of the inter-chain distance of DFE and RFE lamellae, and

the decrease of the lateral extension for contents > 5 wt%.

In summary, blending relaxor ferroelectric P(VDF-ter-TrFE-ter-CFE) ter-polymer with low
amounts (< 2wt%) of high-VDF-content ferroelectric P(VDF-co-TrFE) co-polymer led to an
enhancement of the dielectric and electrocaloric properties near room temperature. A
remarkable polarization Pmax = 6.2 pC-cm™ (100 Hz, 170 MV-m™) and electrocaloric effect
ATec = 5.2 K for a moderate electric field of 90 MV-m™ was measured in the blend with 1 wt%
of co-polymer. Increasing the co-polymer content further (> 5 wt%) was found to be detrimental
to the electrocaloric performance, due to a shift of the phase transition temperature to higher

temperature and an increase of the remanent polarization. A suite of structural characterisation



revealed the electrocaloric enhancement to be the result of a cocrystallization of the P(VDF-co-
TrFE) chains in the P(VDF-ter-TrFE-ter-CFE) crystalline lamellae, facilitated by the similar
VDF/TrFE ratio. This cocrystallization induced an extension of the lateral coherence of the
crystalline lamellae, without lamellar thickening, as well as a slight decrease of the inter-planar
distance. However, when the co-polymer content was increased further, P(VDF-co-TrFE) was
found to crystallize independently into much denser and thicker crystalline lamellae, hindering
the cocrystallization and the crystallization of P(VDF-ter-TrFE-ter-CFE), which proved

detrimental to the dielectric and electrocaloric properties near room temperature.

These results highlight the importance of elucidating structure/property relationships in VDF-
based polymers and open the door to a new method for electrocaloric enhancement, through the
cocrystallization induced directed growth of the crystalline lamellae in the plane where the polar

direction lies.

Supporting Information

Supporting Information is available free of charge via the Internet at http://pubs.acs.org. All
experimental details are included, with the description of the materials used, the methods for
film and device fabrication, as well as detailed procedures and lists of the instruments and
characterization techniques used to obtain the results presented here. Also included are the
isothermal heat change and adiabatic temperature change data obtained by direct measurement
as a function of electric field and temperature (Fig. S1), as well the WAXS spectra (Fig. S2),
their deconvolution (Fig. S3) and the corresponding inter-planar distance d2oo/d110 (Fig. S4), for
the neat ter-polymer and all the blend compositions. Finally, a table listing the best reported
adiabatic temperature changes measured on polymers, nano-composites and ceramics for E <

60 MV-m™ is provided (Table S1).
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