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TOPICAL REVIEW — Multiferroicity and multicaloric effects

Polymer nanocomposites for electrocaloric refrigeration:
Applications and research advances
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With the global surge in refrigeration demand, developing efficient, environmentally friendly solid-state refrigeration
technologies is urgent. Polymer materials leveraging the electrocaloric effect (ECE) are promising alternatives to tradi-
tional vapor compression refrigeration, due to their zero global warming potential and flexibility. This review summarizes
progress in polymer-based electrocaloric (EC) material composites from material design to device integration, emphasizing
multiscale synergistic design as the core strategy to address polymers’ inherent low thermal conductivity and high operating
electric fields. We discuss ECE regulation mechanisms and synergistic effects across scales: molecular (defect engineer-
ing, high-entropy design), mesoscale (interface engineering), and macroscale (film thickness, external field control). Key
challenges (low thermal conductivity, high operating fields) are analyzed, and future work should focus on precise interface
engineering and multiscale structural design to advance polymer electrocaloric coolers from lab to commercialization.

Keywords: electrocaloric effect, interface engineering, high-entropy polymers, nanocomposites
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1. Introduction

Recently, global temperatures have been continuously ris-
ing, with frequent occurrences of extreme weather events. The
contradiction between global climate change and the surging
cooling demand has become increasingly intensified. Tra-
ditional vapor compression refrigeration relies on hydroflu-
orocarbon (HFC) refrigerants, whose emissions exhibit high
global warming potential. Meanwhile, electricity consump-
tion associated with cooling indirectly leads to substantial
greenhouse gas emissions. It is estimated that cooling de-
mand currently accounts for approximately 10% of global
electricity consumption and is projected to exceed 45% by
2050.

ronmentally friendly alternative refrigeration technologies is

Therefore, the development of efficient and envi-

imperative. ']

Various non-vapor compression refrigeration tech-
nologies have been developed, including thermoelectrics
(TE),1 magnetocaloric effect (MCE),P! electrocaloric effect
(ECE),!%"] barocaloric effect (BCE),®! sorption cooling, !
and enhanced radiative cooling.['”) Among these, TE cooling
has been commercialized. However, its coefficient of perfor-
mance (COP) remains substantially lower than that of vapor
compression systems, which limits its practical large-scale ap-
plication. BCE and MCE are driven by hydrostatic pressure
and magnetic fields as external stimuli, respectively to drive
reversible changes in the internal entropy of materials, thereby
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achieving efficient heat absorption and release. Nevertheless,
their operation often requires complex secondary energy con-
version devices, which has hindered the miniaturization of the
entire refrigeration system. In contrast, the electrically driven
ECE exhibits excellent cooling performance.!!-1?! Therefore,
among numerous alternative technologies, the ECE is recog-
nized as one of the most promising solid-state refrigeration
technologies for replacing traditional vapor compression sys-
tems, owing to its high COP, fast response, and potential for
miniaturized integration.[!3]

The investigation into the ECE dates back to 1930,
when this phenomenon was first observed in Rochelle salt
(NaKC4H404-H,0) by Kobeko et al.l'*l However, the adia-
batic temperature change (AT) achieved in these early stud-
ies was extremely low. In subsequent decades of research,
materials still exhibited minimal AT values, failing to meet
the requirements for commercial applications. It wasn’t un-
til 2006/°" and 2008!7! that the giant ECE was successively
discovered in the inorganic material PbZry 95Tig 0503 and the
organic polymer polyvinylidene fluoride (P(VDF-TtFE)). Fol-
lowing this breakthrough, ECE cooling technology rapidly re-
gained widespread attention from both academia and indus-
try. Subsequently, research on ferroelectric refrigeration ma-
terials flourished, with studies mainly focusing on three cate-
gories: inorganic materials, organic materials, and inorganic—

organic composites. Representative examples include per-
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ovskite ferroelectric ceramics, PVDF-based polymers, and
their composites.!!>~!71 In particular, PVDF-based polymers
have emerged as a research hotspot owing to their flexibility,
processability, and high breakdown field strength properties
that make them particularly suitable for applications including
wearable devices and chip thermal management.[1819]

However, significant challenges remain in the practical
implementation of polymer ECE systems. The first and most
critical challenge is the inherent limitation of polymers’ elec-
trical properties: high electric fields close to the breakdown
limit are often required to achieve AT, which compromises de-
vice reliability.[?9221 Additionally, the relatively low thermal
conductivity of polymer materials (~ 0.1-0.5 W-m~!.K~1)
severely limits the heat transfer of devices. To address these
bottlenecks, the focus of research has shifted to polymer com-
posite materials. By incorporating inorganic functional fillers,
synergistic improvements in both electrical and thermal man-
agement performance can be achieved. [1923-24]

This review is intended to systematically summarize the
latest advancements in polymer nanocomposites for elec-
trocaloric refrigeration from a multi-scale perspective. It fo-
cuses on clarifying the performance regulation mechanisms
spanning from the molecular scale to the device scale, assesses
the design principles and performance limitations of innova-
tive electrocaloric devices, and highlights future research di-
rections.

2. Principles and measurement of the elec-
trocaloric effect

The core principle of the ECE is that dielectric materials
become polarized under a time-varying external electric field,
and the resulting isothermal entropy change (AS) induces re-
versible temperature fluctuations. Similar to traditional vapor
compression refrigeration (VCR) technology, ECE refrigera-
tion is also based on the “cyclic heat pumping” mechanism
(Fig. 1(a)) and follows thermodynamic cycles including the
Brayton and Ericsson cycles (Fig. 1(b)). The key distinction is
that the ECE utilizes the dipole AS of solid dielectric materi-
als instead of the liquid—vapor phase transition that occurs in
VCR systems.[!1-2]

As shown in Fig. 1(a), the simplest cyclic behavior of
ECE can be described using the Brayton cycle. During stages
1-2, the system is in an initial state with no electric field ap-
plied (E = 0), where electric dipoles in the EC material are
randomly oriented at ambient temperature Tp. Under adiabatic
conditions, an electric field is applied, inducing the alignment
of dipoles along the field direction and a concomitant reduc-
tion in dipole entropy. Owing to the conservation of total sys-
tem entropy, the material temperature rises rapidly to 7;,. Dur-
ing stages 2-3, the electric field is maintained at E = E, with

the temperature of the EC material sustained above the am-
bient temperature. Heat is dissipated to the environment via
heat exchange, thereby gradually restoring the material tem-
perature to Ty, while the low dipole entropy level is retained.
During stages 3—4, the electric field is switched off (E = 0)
under adiabatic conditions. The dipoles transition from an or-
dered state to a disordered state, resulting in an increase in
dipole entropy and an abrupt decrease in material temperature
to 7.. During stage 4—1, with E = 0 kept constant, the cooled
EC material absorbs heat from the heat source, raising its tem-
perature back to 7p with a simultaneous increase in dipole en-
tropy. The system then returns to its initial state. By repeating
this cycle, heat can be continuously transferred from the heat

source to the heat sink.[?]
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Fig. 1. Process of an electrocaloric cooling cycle. (a) A caloric-cooling
cycle in an EC element. Arrows in the box indicate dipole orientation.
Temperatures of both heat sink and heat source are assumed to be the
same as 7. The numbers 1, 2, 3, and 4 indicate different stages in a
cycle.[16:19-26] (b) Thermodynamic cycle.!?®! Copyright 2023, Elsevier.

At present, the testing methods for the ECE are primarily
categorized into indirect and direct measurement approaches.
The ECE in ferroelectric materials is usually interpreted us-
ing the Landau-Devonshire (L-D) theory.?’?8] This yields
expressions for the AT and AS. For a ferroelectric material,
these can be formulated as[*”!

AS = —lﬁ (P () =P )] = —3BP ()

AT = TP, 2
2CE >~B (2)
where Eq and E, are defined as the initial and final electric
fields, respectively, and Cf is referred to as the heat capacity at
constant electric field. Polarization (P) and Landau coefficient
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(B) can be obtained via ferroelectric characterization tests and
measurements of the dielectric’s Curie constant. However, the
uniform polarization field assumed in the standard L-D theory
is perturbed by heterogeneous interfaces and nanoscale fillers,
which often induces relaxor-like behavior and complex local
field distributions not accounted for by the model’s predefined
parameters.>>3%! In practice, the indirect method based on
Maxwell relations is more widely adopted for thin films, and

the derivation of this method is provided as follows:[27-31]
1 (22T (0
AT = —— —<—p> dE 3)
p e Ce\dT )px
Ey /0
AS = / (—p> dE, (4)
E, aT EX

where p is the material density. The accuracy of this method
is dependent on two key inputs: temperature-dependent Cp,
in conjunction with reliable P data from P—FE loops. This ap-

proach is valid for canonical ferroelectrics but presents inher-
ent challenges for the target polymer nanocomposites. Re-
laxor ferroelectrics (RFE) and composites with strong inter-
facial polarization exhibit dynamic, history-dependent polar-
ization characteristics arising from ergodic or non-ergodic dy-
namics, a behavior that is further exacerbated by interfacial
effects. As such, the P obtained from standard P—E loops fails
to reflect the true equilibrium state, thereby introducing sub-
stantial errors into Egs. (3) and (4).

Thus, the selection of indirect versus direct measurement
methods for polymer nanocomposites is of critical importance.
Indirect methods are applicable to materials with stable field-
dependent polarization behavior, whereas direct calorimetric
or thermometric measurements are indispensable for novel
composites or those exhibiting strong relaxor characteristics
and interfacial effects, thus ensuring the reliability of perfor-
mance benchmarking.
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Fig. 2. Direct measurement and calibration methods for the ECE. (a) Thermistor.[3?! Copyright 2013, AIP Publishing. (b) Thermocouples. [**!
Copyright 2018, AIP Publishing. (c) Infrared camera.!®] Copyright 2021, AIP Publishing. (d) and (e) In situ calibrated ECE measurement
protocol. 1% Copyright 2019, Elsevier. (f) 3-omega method.**! Copyright 2017, American Physical Society.

Direct measurement methods directly capture changes
in temperature or heat flux during electric field cy-
cling through highly sensitive sensors, such as thermistors
(Fig. 2(a)),3%) thermocouples (Fig. 2(b)),*3) infrared cameras
(Fig. 2(c)),B**1 or modified commercial differential scanning
calorimeters (DSC), which yield more intuitive and reliable
results. However, issues including contact between temper-
ature sensors and samples, as well as heat exchange between
test samples and the surrounding environment, remain. Conse-
quently, the direct testing method faces two major challenges:
The first challenge is the absence of standardized samples.

EC materials are often integrated with non-active components
such as electrodes and wires, which act as thermal loads to
absorb heat.
terial performance.!'® The second challenge is the difficulty

This results in the underestimation of EC ma-

in testing thin-film samples. The thickness of polymer ECE
films is typically less than 1 pm. During direct measurement,
the AT induced by the ECE of the polymer itself is small,
while the substrate supporting the film produces a substan-
tial thermal load, which severely impairs test accuracy. To
address these issues, various calibration methods and high-
sensitivity measurement techniques have been developed by
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researchers. ! Qian ez al.!'®! have developed an in-situ Joule
heating calibration method, as shown in Fig. 2(d). By es-
tablishing a quantitative relationship for thermal signals via
an integrated reference heater, their method significantly im-
proves the consistency and comparability of measurement re-
sults across different laboratories.’’-*8] To tackle the chal-
lenges in thin-film testing, micro-nano thermal characteriza-
tion techniques, such as micro-thermography,3?! 3-Omega
technology (Fig. 2(f)),*°! and scanning thermal microscopy
(SThM), %! have opened new avenues for the precise, in-situ
characterization of ECE. These methods achieve temperature
sensitivities down to the millikelvin (mK) level. Nevertheless,
the field of electrocaloric measurement still lacks unified stan-
dards. Future work should focus on developing standardized
testing protocols and error assessment systems.

3. EC composite materials under multi-scale
collaborative regulation strategy

Polymer electrocaloric materials face two key challenges
for practical use: the need for high electric fields near the
breakdown limit to induce significant adiabatic AT, and in-
herently low thermal conductivity that restricts device heat
exchange efficiency. To address this bottleneck, research
has shifted from single-component exploration to multi-scale
synergistic regulation (molecular, mesoscopic, macroscopic).
Molecular engineering underpins polarization and entropy
regulation, mesoscopic design amplifies these advantages via
interface and multiphase coupling, and macroscopic optimiza-
tion translates microscale gains into practical device perfor-
mance, thereby enabling simultaneous optimization of ECE
and thermal management.

To clarify the regulatory mechanism, the core concepts
are defined as follows: high-entropy states in EC polymers
are categorized into three scales: the molecular scale, gov-
erned by intrinsic chain regulation, and the mesoscopic scale,
dominated by multiphase and interfacial regulation. Inter-
face effects are explicitly identified as a phenomenon exclu-
sive to the mesoscopic scale, while the three scales (molecu-
lar scale corresponding to chain structure; mesoscopic scale
referring to multiphase and interface; macroscopic scale re-
lating to macrostructure and external fields) exhibit fully non-
overlapping boundaries.

3.1. Molecular-scale engineering: defect engineering and

high-entropy strategy

At the molecular scale, the core of regulation lies in op-
timizing the polarization response and broadening the operat-
ing temperature range, which essentially involves the precise
manipulation of polymer chain structure, ordered states, and
entropy variations. Traditional normal ferroelectric polymers
primarily refer to P(VDF-TrFE) copolymers with different

molar ratios, among which the widely studied P(VDF-TrFE)
(55/45 mol%) exhibits a giant AT near its phase transition
temperature. #1431 As shown in Figs. 3(a) and 3(b), the ECE
in this system was first observed by Neese et al.l”! via indi-
rect measurement methods, and subsequent systematic studies
confirmed that a AT of 12 K could be achieved near the phase
transition temperature (~ 67 °C) under an applied electric field
of 120 MV/m using thermistor bead measurements.*!! How-
ever, the sharp first-order phase transition of this copolymer
leads to an excessively narrow effective operating temperature
range, making it unsuitable for continuous room-temperature
refrigeration applications.

To address this challenge, a defect engineering strategy
was proposed by researchers. By introducing defects to dis-
rupt long-range ferroelectric ordering, the material is trans-
formed into an RFE with a diffuse phase transition. Within
this RFE, polar nanodomains can realize reversible polariza-
tion reversal over a broad temperature range.!'620:23:441 For
instance, the third monomer, chlorofluoroethylene (CFE), was
chemically introduced into P(VDF-TrFE) chains to synthesize
the ternary copolymer P(VDF-TrFE-CFE). As a chemical de-
fect, the CFE monomer effectively disrupts macroscopic ferro-
electric domains and forms polar nano-regions. Indirect test-
ing results showed that excellent electrocaloric performance
was maintained over a broad temperature range exceeding
40 K.I"I Beyond chemical defects, physical defects also pro-
vide an effective approach to achieve the RFE transition.[4>:46]
For example, P(VDF-TrFE) (68/32 mol%) was irradiated with
high-energy electrons; physical defects induced by irradia-
tion in molecular chains disrupt long-range ferroelectric or-
der, thus converting the material into an RFE. Via a high-
resolution calorimeter, a giant AT of 20 K was achieved near
room temperature (~ 33 °C) under an applied electric field of
160 MV/m (Figs. 3(c) and 3(d)).!*8] Furthermore, after high-
energy electron irradiation of P(VDF-TrFE) (65/35 mol%), a
AT of 35 K was achieved under an external electric field of
180 MV/m, further validating the enhancing effect of physical
defects on the giant electrocaloric effect. 4]

Notably, inorganic nanofillers offer another avenue for
molecular-scale defect engineering. For TiO, nanofillers in-
corporated into the PVDF matrix, the nanoparticles not only
form an interconnected polar phase network but also induce
molecular-level defects in the surrounding PVDE. This syn-
ergistic effect markedly reduces the ferroelectric—paraelectric
phase transition energy barrier, enabling a large reversible
ferroelectric—paraelectric phase transition under a moderate
electric field (40 MV/m).[*”] This work expands the imple-
mentation of molecular-scale defect engineering, establishing
a pioneering paradigm for modulating phase transition kinetics
via direct or filler-mediated defect induction to achieve giant
ECE at moderate fields. Notably, the molecular-level struc-
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tural optimization (e.g., chain defect introduction, configura-
tional entropy enhancement) provides a prerequisite for subse-
quent mesoscopic interface engineering — by regulating poly-
mer chain flexibility and polarizability, it enables stronger po-
larization coupling between the polymer matrix and inorganic
fillers at the mesoscale.
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Fig. 3. The temperature-dependent permittivity spectroscopy and ECE prop-
erties: (a), (b) ferroelectrics.!”] Copyright 2008, The American Association
for the Advancement of Science. (c), (d) Relaxor ferroelectrics.[*8! Copyright
2010, AIP Publishing.

To further decrease the driving electric field, a high-
entropy strategy derived from high-entropy alloy design was
introduced into polymer electrocaloric materials. It is worth
noting that the core of high-entropy alloys lies in maximiz-
ing configurational entropy through multi-component syner-
gistic effects to optimize material properties. This concept
has been innovatively extended to polymers, where entropy
regulation is employed to enhance the driving force for polar-
ization reversal, thereby enabling significant ECE under low
electric fields. PVDF-based polymers form a complex sys-
tem where configurational entropy, lattice entropy, and polar-
ization entropy all contribute to ECE. Their respective con-
tributions depend on the material’s microstructure (e.g., -
phase content, crystallinity, orientation), external field con-
ditions (e.g., electric field strength, temperature), processing
techniques, and application scenarios, thus requiring specific
analysis under tailored experimental contexts. Specifically,
a P(VDF-TrFE-CFE-CTFE) (CTFE: chlorotrifluoroethylene)
quaternary copolymer was initially developed via the enhance-
ment of chemical component complexity, which represents a
typical molecular-scale high-entropy polymer design strategy.
Effective entropy-state regulation is achieved in this copoly-
mer through the incorporation of multiple components.!*°! In
another study, a P(VDF-TrFE-CFE-CTFE) (DB: double bond)
quaternary copolymer with low CFE content (6.6 mol%) was
designed and optimized to exhibit a diffuse phase transition
state adjacent to the critical point of the normal ferroelec-
tric phase. Under an applied electric field of 100 MV/m, an

isothermal AS of 100 J ~kg_1~K_1 was achieved. Furthermore,
a large electromechanical strain of 2.75% was attained under
an applied electric field of 70 MV/m. This result highlights
the synergistic enhancement of ECE and electrodynamic driv-
ing performance under low electric fields via high-entropy-
inspired component regulation.>°! Subsequently, another in-
dependent optimization approach focusing on chain conforma-
tional disorder was reported. As shown in Figs. 4(a) and 4(b),
fluoroalkene (FA) double bonds were introduced into P(VDF-
TrFE-CFE) to increase chain conformational disorder; a AT
exceeding 7.5 K was achieved under a moderate applied elec-
tric field of 50 MV/m, as detected using an in-situ Joule heat-
ing calibration method.??) This design enriches the entropy
regulation toolkit for electrocaloric polymers. At the compos-
ite level, the high-entropy strategy was further extended: high-
entropy alloy nanoparticles were integrated with polymers to
form core-shell structures. Through this structure, the AS of
the composite was elevated to 55 J-kg~'-K~!, which is 2.4
times higher than that of pure polymers (Fig. 4(c)).°!

(a) Polar High-Entropy Polymers
i FF EF ECl FF EF FF 0
! ] [ ! !
NN \ N ~, Double Bond
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YRR - | S vl N g 0 g S x ) o R s | o] ¢ ) o I I
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Fig. 4. (a), (b) Design and ECE properties of polar high-entropy polymers. %%}
Copyright 2025, Science Exploration Press. (c) Interface polarization strategy
enhances polymer conformational entropy.[?!! Copyright 2023, The American
Association for the Advancement of Science.

3.2. Mesoscopic-scale engineering: interface effects and
multiphase structure design

Synergistic optimization of electrocaloric and thermal
conductive properties is achieved at the mesoscale by con-
structing multiphase heterogeneous structures and controlling
interface effects. Building on the polarization advantages at
the molecular scale, interface engineering further amplifies
ECE performance through interfacial polarization, stress mod-
ulation, and thermal conduction network construction. This
scale mainly covers polymer—polymer blends and polymer—
inorganic composites, whose ECE performance is summa-
rized in Tables 1 and 2, respectively. These tables are de-
signed to illustrate key principles for synergistic optimization.
For polymer—polymer blends (Table 1), performance is de-
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pendent on interphase dielectric compatibility and interfacial
adhesion, with the aim of balancing enhanced interfacial po-
larization and retained dielectric breakdown strength. In the
case of polymer—inorganic composites (Table 2), the polariza-
tion response and formation of thermal conduction pathways

are strongly affected by filler dimensionality. Notably, AT
and thermal conductivity serve as key metrics for cooling effi-
ciency and heat dissipation, respectively. An optimal balance
of these parameters is achieved in high-performance materials
via tailored interface engineering.

Table 1. Summary of key properties of EC polymer-polymer blends.

Material T(K) AS{J -kg’1 K1) AT (K) AE (MV/m) Measured Ref.
P(VDF-TrFE)55/45 mol% 353 60.8 12.6 200 Indirect [41]
Irradiated P(VDF-TrFE)68/32 mol% 306 95 20 160 direct [48]
Irradiated P(VDF-TrFE)65/35 mol% 323 160 35 180 direct [46]
P(VDE-TrFE-CFE) 303 73.5 14.8 150 direct  [53]
59.2/33.6/7.2 mol%
P(VDF-TrFE-CFE) 69.7/30.3/6 mol% 313 60 12 100 direct [54]
P(VDF-TrFE-CFE-CTFE) 308 40 8 100 direct [49]
56.1/33.2/5.9/4.8 mol%
Int-biased Blends (90/10) Co:65/35 mol% Ter:59/33/8 mol% 313 72 14.4 100 direct [55]
P(VDF-TrFE-CFE)/DMHD 100 / 100 direct [21]
Blends (90/10) 300 50 10 150 direct  [56]
Co: 62.5/29/8.5 mol%Ter:55/45 mol %
P(VDF-TrFE-CTFE-DB) 100 / 100 direct [50]
P(VDF-TrFE-CTFE)-TD 37.5 7.5 50 direct [22]
Table 2. Summary of key properties of EC polymer-inorganic composites.
Material T (K) AS(Jkg 'Ky AT (K) AEMV/m) Measured Ref.
P(VDF-TrFE-CFE)/PMN-PT 303 150 31 180 direct [57]
P(VDF-TrFE-CFE)/BNNS/BST67 303 210 50.5 250 direct [58]
P(VDF-TrFE-CFE)/BNNSs/BST1/2/3 273-333 170 35 200 direct [59]
P(VDF-TrFE-CFE)/AAO room temperature 12 2.5 50 direct [23]
P(VDF-TrFE-CFE)/BST(NWs) room temperature 96 19.5 100 direct [60]
P(VDF-TrFE)/BST 351 / 2.5 60 indirect [61]
P(VDF-TrFE-CFE)/graphene room temperature 24.8 5.2 40 direct [62]
P(VDF-TrFE-CFE)/ BZT/nfs 303 105 44.3 200 direct [63]
P(VDF-TrFE-CFE)/BFBZT 303 78 13.8 75 direct [64]
P(VDF-TrFE-CFE)/ BTSnl11 room temperature 44 9.08 100 indirect [65]
P(VDF-TrFE-CFE)/BST(NF) 298 70 11.3 70 direct [66]
P(VDF-TrFE-CFE)/SiOC room temperature 25.4 2 30 direct [67]

3.2.1. Electrocaloric performance of polymer-polymer
blends

Synergistic enhancement in polymer blends is achieved
by constructing nanoscale phase-separated structures at the
interfaces of different components and utilizing differences
in their dielectric properties. For instance, charge accumula-
tion and an internal bias electric field are induced at the inter-
face due to the difference in dielectric constant between nor-
mal ferroelectric polymers and RFE polymers. This internal
bias field acts as an additional driving force for polarization,
thereby enhancing the overall polarization response and room-
temperature electrocaloric effect.

In early studies, a blend system composed of P(VDF-
TrFE-CFE) and P(VDF-CTFE) was investigated, and a AT
of 6 K was achieved at 318 K under an applied electric
field of 120 MV/m via thermistor measurements.'%®! This re-
sult confirmed the feasibility of such blends for electrocaloric
applications. In subsequent studies, 10 wt% P(VDF-TrFE)

(55/45 mol%) was introduced into P(VDF-TrFE-CFE) to pre-
pare blends. Results showed that this composition not only
increased the crystallinity of the blend by more than 10%
but also induced a transition from normal ferroelectric be-
havior to RFE behavior. Via thermocouple measurements,
a AT of 7 K was confirmed for the blend, which is a 30%
enhancement compared with the pure P(VDF-TrFE-CFE)
terpolymer.>®! Further investigations focused on the P(VDF-
TrFE-CFE)/P(VDF-TrFE) (90/10 mol%) blend system. By
utilizing the internal bias field as an additional polarization
driving force, a AT of 4.9 K was achieved at 50 MV/m, which
is a 45% enhancement compared with blends lacking such
an internal bias field.[>>) More notably, when the molar ra-
tio of P(VDF-TrFE-CFE) to P(VDF-TrFE) is 50/50, interfa-
cial coupling induces an anomalous negative electrocaloric ef-
fect. This effect allows the activation of cooling with a single
electric pulse, which provides new possibilities for the devel-

opment of miniature cooling cells (Figs. 5(a) and 5(b)).[69-70]
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Fig. 5. (a), (b) ECE performance (AS and AT) of PVDF-TrFE 50/50 mol%
in virgin/irradiated stage.[%°! Copyright 2016, AIP Publishing.

3.2.2. Electrocaloric performance of polymer inorganic
composites

Synergistic enhancement of both electrical performance
and thermal conductivity in polymer—inorganic composites
can be achieved by precisely regulating the interfacial cou-
pling and microstructure between the polymer matrix and
inorganic fillers. Mainstream inorganic fillers are high-
dielectric ferroelectric ceramics, such as Bag ¢Sr 4TiO3 (BST)
and Pb(Mg;/3Nb,/3)03-PbTiO3 (PMN-PT). These ceram-
ics enhance the overall polarization difference (AP) through
interfacial polarization effects, while simultaneously com-
pensating for the low thermal conductivity of the polymer
matrix.[1318.20]

The morphological design of inorganic fillers plays a cru-
cial role in optimizing composite performance. Numerical

simulations, where BaTiO3 nanoparticles were used as fillers

in polymer composites, have shown that smaller filler particles
increase the interfacial contact area and thus enhance polariza-
tion coupling.!”!! For instance, when PMN-PT nanoparticles
were used as fillers, a AT of 9 K was achieved under an ap-
plied electric field of 75 MV/m as measured via thermocou-
ples. This value represents a 200% improvement compared
with the pure P(VDF-TtFE-CFE) terpolymer.”! Nanostruc-
tures with high aspect ratios (e.g., nanowires, nanofibers) are
capable of forming continuous polarization pathways and ther-
mal conduction networks even at low filler loading levels. For
example, when BST nanowires were composited with P(VDF-
TrFE-CFE), the resulting composite showed a 35% increase in
dielectric constant and a 25% enhancement in breakdown field
strength; an improvement attributed to the high aspect ratio
A AT of 19.5 K at 100 MV/m was mea-
sured via an infrared camera (Figs. 6(a) and 6(b)).[°) More

of the nanowires.

notably, a composite of Ba(Zr(21Tig.79)O3 (BZT) nanofibers
and polymer, when characterized using a high-sensitivity heat
flux sensor, achieved a record AT of 44.3 K under an applied
electric field of 200 MV/m. To clarify the interfacial mecha-
nism, phase-field simulations were conducted to quantify the
enhanced polarization region at the interface. In-situ piezore-
sponse force microscopy (PFM) observations of domain evo-
lution confirmed that the interfacial coupling between BZT

nanofibers and the polymer matrix is the primary factor driv-

ing polarization enhancement (Figs. 6(c) and 6(d)).[63!
(b) =
g 50 "£
2. 2 :
" . :

A7)
N}

AS (kI m*K")

60 = m]

Polymer

NPs

—— P(VDF-TIFE-CFE) (experimental result)

10 vol% BZT_nfs (experimental result)
— = 10%without interface (simulation)
— = 10%with interface (simulation)

10F

o
T
\
A\

Electric displacement (uC/cmz)
IS
T
N
Ny
\

~N
T

=)

50 100 150
Electric field (MV/m)

)

Fig. 6. (a) The electric field distribution in P(VDF-TrFE-CFE)/BST nanocomposites with different filler shapes was simulated using the phase-field
method.[%% Copyright 2015, ACS. (b) Comparison of electrocaloric properties between nanocomposites filled with different shape nanofillers.[%]

Copyright 2015, ACS. (c) Phase-field simulation of polarizability for nanocomposites.[®*l Copyright 2018, Wiley.

nanocomposites.[%3] Copyright 2018, Wiley.

(d) In-situ PFM image of

The synergistic effects of multi-phase fillers have also been demonstrated to achieve comprehensive enhancement of ECE
performance. For example, through the synergistic effect of Bag 5Cag sZrg2TigsO3 (BCZT) nanoparticles, boron nitride (BN)
nanosheets, and BiFeO3 (BFO) nanofibers, a AT of 13.5 K was achieved under an applied electric field of 220 MV/m, along
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with an isothermal AS of 94.5 J-kg~!-K~!. Additionally, this composite was endowed with a breakdown field strength as high
as 290 MV/m, which fully demonstrates the synergistic enhancement capability of multi-phase fillers in both electrocaloric
and insulating properties (Figs. 7(a) and 7(b)).[’?! In 2025, a study on PVDF/TiO, composites proposed the “strain-induced
polar interface” mechanism, which clarifies the additional contribution of the all-trans conformation to interfacial polarization

(Figs. 7(c) and 7(d)).[3]
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Fig. 7. (a), (b) Schematic diagram of synergistic effects of multi-form fillers.”?) Copyright 2024, Elsevier Inc. (c), (d) Molecular dynamics
simulations on the interfacial polar phase induced by compressive strain.!”3] Copyright 2025, Wiley.

For the synergistic enhancement of electrocaloric and
thermal conductive properties, interfacial functionalization
design plays a critical role. For instance, boron nitride
nanosheets (BNNS) and BST were combined as a dual-
functional filler and then composited with P(VDF-TrFE-CFE).
As verified by thermocouple sensor measurements, this strat-
egy maintained a AT of 35 K and simultaneously increased
the composite’s thermal conductivity by six times.>% A three-
dimensional silicon carbide (SiOC) ceramic network was first
constructed via a sacrificial template method and then com-
posited with P(VDF-TrFE-CFE); this composite exhibited ex-
cellent performance. Not only was the thermal conductivity of
the composite increased by 12 times, but the polymer matrix
was also induced into a mesoscopic-scale high-entropy state.
Direct infrared thermography measurements were performed
under a low applied electric field of 30 MV/m, and a AT
of 2 K was detected, which fully demonstrates the synergis-
tic effect between thermal conduction pathways and entropy
regulation (Figs. 8(a) and 8(b)).[%”) Notably, interfacial struc-
ture design can also induce mesoscopic-scale high-entropy
states to enhance ECE. For example, a polar interface with
ultra-high conformational entropy was constructed in P(VDF-
TrFE-CFE) via a sacrificial template method, which enables
the coexistence of multiple conformations and maximization
of interfacial configurational entropy. This mesoscopic high-
entropy interface contributes to a AS of 100 J-kg~!-K~! and a
AT of 20 K under an applied electric field of 100 MV/m, es-

tablishing a new paradigm for interfacial entropy regulation

in electrocaloric composites.>!] In another interfacial mod-
ification strategy, 3-sulfopropyl trimethoxysilane (SPTMS)
molecules were covalently grafted onto BNNS and the ternary
polymer (P(VDF-TrFE-CFE)), which enabled precise con-
trol over the interfacial spacing. Through this approach,
the thermal conductivity of the composite was elevated to
0.72 W-m~1.K~!, and a significant AS was restored. This
provides the first molecular-scale evidence for the feasibil-
ity of ordered—disordered synergy in electrocaloric composites
(Figs. 8(c) and 8(d)).l"¥

With the in-depth development of research, novel filler
systems and macrostructural designs have further expanded
the performance limits of polymer electrocaloric composites.
For example, surface-functionalized graphene was combined
with P(VDF-TrFE-CFE), and the composite was subjected to
a stretching process. This process suppresses leakage current
and enhances the polarization of the polymer matrix. When
characterized using high-sensitivity thermal sensors, a AT of
5.2 K was achieved at an applied electric field of 40 MV/m.[6?]
Low-dielectric-constant nanodiamonds were composited with
P(VDF-TrFE-CFE); the interfacial electric field distortion ef-
fect of these nanodiamonds promotes the polarization of the
composite and reduces the phase transition energy barrier. As
shown in Fig. 8(e), using an in-situ calibrated calorimeter, a
AT of 10.7 K was achieved at 100 MV/m, which corresponds
to a 60% improvement compared with the pure P(VDF-TrFE-
CFE) matrix.!”> From a structural perspective, P(VDF-TrFE-

CFE) nanowire arrays were embedded into a highly thermally
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This
structure enhances the flexibility and heat transfer capability of

conductive anodic aluminum oxide (AAO) template.

the material while maintaining strong electrocaloric—thermal
coupling, which meets the application requirements of wear-

able devices (Fig. 8(f)).I?)! The mesoscopically optimized

multiphase structure (e.g., continuous polarization pathways,
functionalized interfaces) provides a high-performance “ma-
terial platform” for macroscopic regulation, as its enhanced
polarization response and thermal conductivity reduce the de-

pendence of macroscopic devices on extreme external fields.
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Fig. 8. (a), (b) Collaborative thermal management of the 3D thermal conductive ceramic EC composite films.!®”) Copyright 2024, AIP Publishing.
(c), (d) Schematic of BNNS-SPTMS-TP molecular structure design and AS under the electric field of 100 MV/m and thermal conductivity in the base
terpolymer.[7#] Copyright 2023, Elsevier Inc. (e) Schematic representation of the filling strategy for composites and ECE properties.|”>! Copyright 2024,
Springer Nature. (f) Schematic illustration of preparation of the polymer nanowire array. 3! Copyright 2018, Wiley.

3.3. Macro-scale engineering: structural optimization and
external field synergy

Macro-scale regulation acts as the pivotal bridge for
converting the microscale polarization advantages of elec-
trocaloric materials into practical device cooling performance.
Leveraging the mesoscopically optimized polarization and
thermal conductivity, macroscopic strategies such as structural
optimization and external field coupling further tune molecu-
lar chain orientation and interface polarization efficiency, ul-
timately unlocking the industrial application potential of elec-
trocaloric composites while enhancing device reliability.

In terms of structural optimization, film thickness is a
core parameter. According to the L-D theory, the adiabatic
AT is positively correlated with AP?. Thinning the poly-
mer film shortens the charge migration distance and increases
the breakdown field strength, allowing higher applied electric
fields to be sustained and thus yielding a larger AP and AT.
However, excessive thinning decreases the volume of active
material, which in turn reduces the overall cooling capacity of
the device. In practical applications, a balance between these
factors must be achieved through a combination of experi-
mental and simulation methods. For instance, P(VDF-TrFE)
films are stacked into a multi-layer ceramic capacitor (MLCC)
structure, which forms a series configuration that effectively
reduces the required applied voltage. With this structure, a

small applied voltage is sufficient to achieve a AT of 6.6 K. [7¢]
Meanwhile, thermal treatments such as quenching and anneal-
ing exert a significant influence on material properties. Studies
on P(VDF-TrFE-CFE) have shown that macro-scale quench-
ing and low-temperature annealing reduce the crystalline size
from 42 nm to 27 nm. This adjustment reduces the energy
barrier for dipole orientation and improves low-field respon-
siveness, enabling the material to achieve a AT of 14.7 K at
150 MV/m and 30 °C while retaining the inherent flexibility of
the polymer. This provides an efficient pathway for optimizing
the performance of electrocaloric materials (Fig. 9(a)).l”’]
External field coupling is another core macro-scale reg-
ulation strategy, which further optimizes molecular chain ori-
entation and polarization anisotropy. As shown in Fig. 9(b),
P(VDF-TrFE-CFE) films were subjected to uniaxial stretch-
ing under stress field control. This treatment modulates the
material’s microstructure by inducing the orientation of poly-
mer chains into a polar all-trans conformation and enhancing
crystalline order within the amorphous matrix. This stretch-
ing process induces the orientation of molecular chains along
the stretching direction, enhances the order of crystals, and si-
multaneously increases polarization anisotropy and maximum
AP, while also optimizing the internal phase interface (meso-
scopic scale) induced by molecular chain orientation to reduce
polarization loss. Notably, the effect of stretching on the ECE
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is temperature-dependent: a 50% enhancement in ECE perfor-
mance of the stretched samples (relative to unstretched coun-
terparts) is achieved near the dielectric relaxation maximum
temperature. At this temperature, the enhanced induced po-
larization compensates for the reduced orientational degener-
acy of elementary dipolar entities arising from chain order-
ing. This finding provides a feasible strategy for the perfor-
mance optimization of flexible electrocaloric devices, espe-
cially when operating near the material’s dielectric relaxation
maximum temperature. 3378
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Fig. 9. (a) AT and AS at different annealing and quenching temperatures.!”’]
Copyright 2019, The Chinese Ceramic Society. (b) ECE properties for
stretched and non-stretched terpolymer.!”8! Copyright 2012, AIP Publishing.

4. EC cooling devices

The exploration and optimization of ECE performance
in EC materials are targeted at developing refrigeration de-
vices with superior cooling capabilities. An essential goal
is to translate microscale AT enhancements into macroscopic
cooling effects, and active electrocaloric regeneration (AER)
serves as the mainstream technology to achieve this. AER is
characterized by the reciprocal interaction between EC ma-
terials and a heat-transfer medium (either solid or fluid) to
realize regenerative heat pumping, thereby extending the de-
vice temperature span beyond the intrinsic adiabatic AT of the
material. 16791

Devices based on AER were initially developed using
heat transfer fluids as the working medium. For instance,
PVDF-based electrocaloric composites were coupled with sil-
icone oil, and a AT of 3.3 K was achieved under an applied
electric field of 50 MV/m. However, slight leakage of silicone

oil was observed after 1000 cycles of operation, which led to

a decrease in AT from 3.3 K to 2.1 K. Additionally, the vol-
ume occupied by fluid channels accounted for up to 40% of
the total device volume, which impeded the miniaturization of
the AER device.[8% To address these drawbacks, solid media
have become the primary choice for polymer-based AER de-
vices. In 2013, irradiated P(VDF-TrFE) electrocaloric films
were stacked to form an MLCC structure (Fig. 10(a)), with
stainless steel plates employed as the solid medium. The elec-
trocaloric module was driven by a stepper motor to perform re-
ciprocating motion (realizing the AER regeneration process),
and the series configuration of the MLCC effectively reduced
the required applied voltage, achieving a AT of 6.6 K even
with a small applied voltage. 6!

Beyond AER-based systems, the flexibility of poly-
mers facilitates the development of innovative non-AER elec-
trocaloric devices, which are devoid of the AER-specific “re-
generation” process and are highly compatible with applica-
tions such as wearable thermal management and on-chip ther-
mal regulation. In 2017, a pioneering electrostatically actu-
ated electrocaloric cooling device was designed (Fig. 10(b)).
Electrostatic forces are employed to induce the vibration of
polymer films for heat transfer, which enables the cooling film
to reciprocate between the heat sink and heat source under an
applied electric field of 60 MV/m and ultimately attain an adi-
abatic AT of 2.8 K. When attached to the back of a smart-
phone battery with an initial temperature of 52.5 °C, this non-
AER device exhibited an 8 °C temperature drop within the
first 5 seconds under an applied electric field of 66.7 MV/m
and a frequency of 0.8 Hz. It significantly outperforms natu-
ral cooling, confirming its practical potential for wearable and
on-chip applications (Fig. 10(c)).'”! In 2020, a self-actuated
electrocaloric cooling fiber based on P(VDF-TrFE-CFE) was
developed. Conductive fibers were used as core electrodes,
and single-walled carbon nanotubes were employed as outer
electrodes. The fiber realizes self-actuation through the piezo-
electric effect that accompanies the electrocaloric effect, thus
eliminating the requirement for external pumps or motors. Un-
der an applied electric field of 100 MV/m, a AT of 0.7 K was
achieved, providing a miniaturized solution for flexible wear-
able devices (Fig. 10(d)).[®! In 2022, a flexible microfluidic
electrocaloric cooling capillary tube for chip cooling was de-
veloped, which for the first time enables the continuous gen-
eration of liquid media at temperatures below ambient within
a sealed space. 3!

The cooling performance of single-stage AER devices re-
mains constrained, while non-AER devices are also plagued
by temperature span limitations. To address these drawbacks,
cascaded structures have been extensively explored for non-
AER devices. In 2020, the previously designed electrocaloric
refrigeration device structure was further developed into a
cascaded configuration. A four-layer cascaded device based
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on P(VDF-TrFE-CFE) achieved a AT of 8.7 K under an ap-
plied electric field of 60 MV/m and a frequency of 1 Hz.
Simulation results suggest that an eight-layer cascaded device
could achieve a temperature span over 20 K (Fig. 10(e)).['!] In
2023, the ECE performance of flexible microfluidic capillaries
was further optimized via a cascaded architecture (Fig. 10(f)).
Specifically, a multi-stage cascaded structure was adopted to
achieve cumulative cooling effects and sawtooth voltage reg-
ulation, thereby enhancing cooling power. At a liquid flow
rate of 10 mm/s, a temperature span of 4.2 K was achieved,
with a maximum temperature drop of 4.6 K. This system en-

ables the sustainable delivery of sub-ambient liquid media,
providing an efficient embedded thermal management solu-
tion for microelectronic systems.!3*! A polymer film function-
alized with dot-patterned electrodes was integrated into an
electrostatically actuated cooling device, which enables pre-
cise point-to-point cooling. In chip-cooling experiments, this
device effectively maintained the CPU surface temperature be-
low 59.1 °C, delivering cooling performance on par with CPU
air coolers while significantly outperforming desktop cooling
fans (Fig. 10(g)).!%4
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Fig. 10. The designed configuration of ECE devices based on polymer. (a) MLCC structure.’®) Copyright 2013, AIP Publishing. (b) and (c) A
flexible EC cooling device powered by the electrostatic actuation mechanism.!””! Copyright 2017, The American Association for the Advancement
of Science. (d) Schematic illustration of the self-actuation EC fiber.[8!1 Copyright 2020, Wiley. (e) Schematic illustration of a cascade EC cooling
device containing four EC elements. '] Copyright 2021, Elsevier Inc. (f) A flexible microfluidic capillary tube with a cascaded architecture for central
processing unit cooling.!331 Copyright 2023, Elsevier Inc. (g) Size comparison of our pixel-matrix EC cooling device, CPU air cooler, and desk fan. [84]
Copyright 2023, Wiley. (h) Optical photograph of flexible EC cooling capillary tube.3?! Copyright 2022, Elsevier Inc. (i) Photograph of the on-chip

EC cooling refrigerator.[83] Copyright 2024, Springer Nature.

Recent advancements in non-AER device architectures
have broadened the application scope of EC technology, ex-
panding it from passive cooling to multifunctional and minia-
turized solutions. In 2024, a chip-scale flexible non-AER cool-
ing device was developed (Fig. 10(h)), which achieves an in-
stantaneous additional temperature reduction of 17.5 K com-
pared to passive thermal management solutions, benefiting
from molecular-scale high-entropy design for low-field polar-

ization enhancement and mesoscopic SiOC ceramic networks
for efficient heat conduction (Fig. 10(1)).[81 A separate study
leveraged the synergistic effect between the electrocaloric ef-
fect and Joule heating to realize ultrafast thermal camouflage
based on pixel arrays. This technology covers the visible-to-
infrared multiband spectrum, with a temperature change rate
of 3.8 x 1073 K/s, and opens up new application avenues for

electrocaloric materials in dynamic thermal management and
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adaptive camouflage.!®6 A dual-functional device based on
EC composite materials was also designed. Electrostatic ac-
tuation drives the device stack to reciprocate between a sim-
ulated CPU and a heat sink, which not only cools an over-
heated CPU from 80 °C to 42 °C within 120 seconds but
also recovers waste heat with an energy density of 1.33 J/cm?.
After 10* cycles, the device retained stable performance and
exhibited a significantly smaller footprint than conventional
desktop fans and CPU air coolers, thereby delivering a dual-
functional solution for compact thermal management in elec-
tronic devices.7]

In summary, the advancement of EC cooling devices pro-
ceeds along two complementary pathways: the optimization
of AER devices to maximize temperature span, and the ex-
ploration of diverse innovative non-AER architectures for ap-
plications requiring miniaturization, flexibility, or multifunc-
tional integration.

5. Conclusion and perspectives

Electrocaloric refrigeration technology is recognized as a
highly promising solid-state cooling solution. Over the past
decade, various high-performance EC materials (AT > 10 K)
have been developed. Among these materials, electrocaloric
polymer nanocomposites hold great promise for simultane-
ously realizing a substantial ECE, high thermal conductivity,
and excellent mechanical flexibility, properties that are diffi-
cult to achieve with inorganic or organic materials alone.

To systematically meet these performance requirements,
this review synthesizes and establishes a coherent multi-scale
design framework for polymer nanocomposites based on re-
cent advances in the field. The core framework consists of
three interlinked layers: (1) molecular-scale engineering (e.g.,
defect regulation, high-entropy design) to tailor dipole re-
sponsiveness; (2) mesoscale interface engineering to syner-
gistically enhance polarization and thermal conductivity; and
(3) macroscale device optimization for efficient heat exchange.
Based on this framework, significant advancements have been
attained: multi-scale synergistic regulation, including molec-
ular defect tuning, high-entropy design, mesoscale interface
modification, and macroscale external field coupling, has sub-
stantially improved material performance. Concurrently, di-
verse electrocaloric refrigeration devices have been success-
fully demonstrated, validating their applicability in wearable
thermal management and chip hotspot cooling.

Nevertheless, critical challenges persist for efficient com-
While
structures like MLCC help reduce operating voltage, the in-

mercialization, particularly in material properties.

trinsic low-field ECE performance of these materials still re-
quires further improvement. The molecular-scale strategies
discussed in Section 3 (e.g., high-entropy design) are funda-
mentally targeted at boosting dipole responsiveness under low
electric fields, which has been demonstrated to enhance the

low-field AT of P(VDF-TrFE-CFE)-based nanocomposites by
over 30% in recent studies, but the relationship between poly-
mer chain structure and ECE performance remains unclear.
Additionally, the fundamental mechanism underlying inter-
face engineering remains debated. Separately, the mesoscale
interface engineering detailed in Section 3 addresses another
key bottleneck, polymers’ intrinsic low thermal conductivity,
by constructing efficient thermal conduction networks.

Beyond thermal conductivity enhancement, stability and
scalability are also pivotal for industrialization. The fatigue
and aging mechanisms of materials under long-term, high-
electric-field cycling need to be investigated in depth. The
path from laboratory-scale samples to large-scale production
remains lengthy, with challenges (e.g., uniform dispersion of
nanofillers) yet to be addressed.

In terms of device performance, the current maximum
cooling temperature span is approximately 17.5 K, which still
falls short of the 25 K temperature span required for commer-
cial refrigeration. The development of compact, efficient, and
reliable device architectures is of crucial importance.

Future Perspectives: Building on the summarized design
strategies, future research endeavors should shift from general
principles to targeted investigations:

1. Low-field performance. Adopt machine learning-
guided polymer chain design (e.g., high-entropy design) to
flatten energy landscapes.

2. Thermal conductivity. Engineer hierarchical filler ar-
chitectures with covalently bonded interfaces to minimize in-
terfacial thermal resistance.

3. Device efficiency. Develop asymmetric regenerator
configurations to optimize the utilization of intrinsic material
properties.

4. Stability. Establish structure—property—fatigue corre-
lations with a focus on interface evolution mechanisms.

In conclusion, high operating electric fields, inadequate
material performance under low fields, and narrow operat-
ing temperature ranges remain key bottlenecks. Future re-
search should focus on deepening the quantitative understand-
ing and practical implementation of the multi-scale strategies
outlined herein, thereby promoting the commercialization of
electrocaloric refrigeration technology.
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